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Abstract 
Many countries are installing photovoltaic (PV) systems as part of a shift towards a 
low carbon economy. This thesis describes the development of new PV system 
monitoring techniques to improve understanding in PV system performance. One 
hundred and nine domestic PV systems are studied and their energy performance 
is revealed through high resolution monitored data. 
The PV systems studied were installed from 2002 to 2004 as part of the UK 
Government's PV Domestic Field Trial. Located in five clusters throughout the UK, 
the sites are a combination of new build and retrofit projects. Each house has a 
separate grid-connected PV system and the 109 systems cover a variety of 
orientations, PV array sizes, PV module types and inverter sizes. The monitored 
performance data includes measurements of in-plane solar irradiance, PV module 
temperature, and DC and AC energy outputs. Data is recorded as five minutely 
average values for periods of up to two years. Data loggers store and provide 
access to the data through the public telephone network. 
New techniques have been developed to analyse the five minutely monitored data 
from each house directly without averaging or aggregating the values. Data quality 
and plausibility checks are undertaken to ensure the reliability of the 
measurements and the monitoring techniques are developed using data from fifty 
four of the PV systems. Plots of five minutely irradiance versus efficiency values 
show clouds of points which represent 'normal operation'. A statistical method is 
developed to detect faults and to separate them from the normal operation. Six 
types of normal operation energy losses and four types of faults are identified and 
these are investigated through original techniques including a method of 
constructing 'efficiency curves' for the different stages of normal operation and a 
method to detect shading based on the position of the sun. The reduction in overall 
annual performance caused by each type of loss and fault is calculated and the 
opportunities to minimise the losses and faults are investigated. 
This approach demonstrates a new strategy for monitoring PV systems, based on 
directly analysing high resolution monitored data. The method provides detailed 
insight into PV system performance and the results can be used to make 
recommendations for raising the efficiency of existing and future PV systems. 
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1. Introduction 
Solar photovoltaic (PV) systems offer a solution in the search for low 
carbon, non-fossil fuel electricity generation. Sunlight, captured and 
converted by semiconductor solar cells, can provide a supply of electricity 
for the world's energy needs. An energy source with low carbon emissions, no 
reliance on fossil fuels, massive potential for developing countries and well suited 
to distributed, embedded generation, solar PV is considered as a medium and long 
term energy prospect (DTI, 2001). This thesis examines PV systems installed on 
UK domestic buildings and their energy performance as revealed through high 
resolution monitored data. 
1.1. Building integrated PV 
The world is using increasing amounts of energy, as economies grow and the 
developing world industrialises. The International Energy Agency's (IEA) World 
Energy Outlook 2004 stated that 'the world primary energy demand ... is projected 
to expand by almost 60% between 2002 and 2030' (IEA, 2005a). Energy 
consumption is often linked to economic development and increasing consumption 
is seen as a necessity of the industrialising developing world, currently 
demonstrated by China and India. This presents a dilemma for the world's 
governments: where will this energy come from and how will it be provided without 
producing adverse consequences. 
The most high profile adverse consequence of energy generation at present is 
climate change, the change in weather patterns and temperatures due to 
emissions of carbon dioxide and other 'greenhouse gases'. In its latest report, the 
Intergovernmental Panel on Climate Change (IPCC), a large body of scientists 
from across the world formed by the United Nations to provide information and 
advice on climate change, concluded that 'most of the observed warming over the 
last 50 years [is] likely due to increases in greenhouse gas concentrations due to 
human activities' (IPCC, 2001). Future climate change is predicted by the IPCC to 
'have both beneficial and adverse effects on both environmental and social- 
economic systems'. However 'the larger the changes and the rate of change in 
climate, the more the adverse effects predominate' and 'the adverse impacts of 
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climate change are expected to fall disproportionately upon developing countries 
and the poor persons within countries'. 
The subject of climate change has climbed to the top of the international political 
agenda and has brought about the Kyoto Protocol (UNFCCC, 2005), an 
international emissions treaty, and high level negotiations and discussion. It was 
one of the two main topics at the 2005 G8 summit in the UK. However such actions 
are widely seen as only the first steps of what is required. The Royal Commission 
on Environmental Pollution (RCEP, 2000), a UK policy unit, recommends a target 
of a 60% cut in greenhouse gas emissions by 2050. This view, taken seriously by 
the UK Government, was echoed as an ambition in the 2002 White Paper 'Our 
Energy Future - Creating a Low Carbon Economy' (DTI, 2002). 
The vast majority of greenhouse gas emissions come from the use of fossil fuels 
(coal, oil and gas) in our electricity generation, heating, transport and industrial 
processes. An essential part of climate change mitigation is the conversion of 
these systems to low carbon processes. A low carbon process is a generic term for 
processes and methods with low greenhouse gas emissions. The methods and 
technologies currently being promoted to create a low carbon economy are energy 
efficiency practices, carbon sinks (e. g. storing carbon underground), low carbon 
industrial processes and low carbon energy generation. 
The generation of electricity through low carbon processes is an important part of 
this approach. Electricity generation is a major source of greenhouse gas 
emissions which accounted for 37.5% of worldwide carbon emissions in 1995 
(IPCC, 2001). Current practice using generation from coal, oil and gas fired power 
stations accounts for these high emission figures. There are three low carbon 
alternatives to the use of traditional fossil fuel power stations: 'clean' fossil fuel 
technologies which reduce or store the carbon emissions; nuclear power which, 
although it has other economic, environmental and safety issues, has low 
greenhouse gas emissions; and renewable forms of electricity generation. 
Renewable electricity generation methods (renewables) comprise of a range of 
technologies which almost all utilise energy from the sun, either directly or 
indirectly. They generate electricity with low emissions of greenhouse gases. The 
technologies include wind power, solar photovoltaics, hydro power, wave power, 
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tidal power' and biomass2. Renewables are capital intensive generation sources, 
requiring a high initial investment relative to the energy yield (compared with 
conventional generation based on fossil fuels), but operation costs and fuel costs 
are generally low. Through the issues of climate change mitigation, security of 
energy supply, and the increasing price of conventional fossil fuel energy, the use 
of renewables has steadily increased in recent years. Renewables produced 3.6% 
of the total electricity in the UK in 2004, compared with less, than 2.5% in 1997 
(DTI, 2005a). A target of 15.4% renewable generation by 2015/6 has recently been 
announced by the UK government (DTI, 2005b). 
This thesis examines one of the forms of renewable electricity generation: solar 
photovoltaics (PV), the direct conversion of sunlight to electricity. A solar PV cell, 
most commonly a semi-conductor p-n junction, absorbs sunlight and generates an 
electric current. PV is a low carbon electricity generation technology with several 
unique characteristics. It has no moving parts, creates no noise during operation 
and has low maintenance requirements. There are no fuel costs as it is powered by 
sunlight and operating costs (such as maintenance costs) are negligible. Solar PV 
systems are modular and. suited to both small scale and large scale applications, 
from pocket calculators to buildings to large power stations located in deserts. The 
only emissions generated throughout their lifetime are during manufacture of the 
photovoltaic components. During operation solar PV systems have no emissions 
and create zero pollution. Carbon dioxide emissions from solar PV systems are 
approximately 3% to 4% of those from coal fired power plants when the complete 
life cycle (construction, operation and decommissioning) is considered (Alsema, 
2005). 
Solar PV can be integrated into the built environment and is installed as part of the 
roof, walls or facades of buildings (DTI, 2000). Thus the building becomes a 
generator of electricity and can supply some or all of its own electricity needs. As 
the electricity is generated at the point of demand (the building), distribution losses 
are avoided. A typical building integrated PV application for a small domestic 
'Tidal power derives its energy predominantly from the moon rather than the sun 
2 Generation of electricity from biomass sources (using the heat from combustion of plants) does emit 
greenhouse gases. However the process is carbon neutral provided the harvested biomass is replanted. 
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system in the UK is shown in Figure 1-1. This PV system, installed in 2003, 
consists of nine PV modules3 in a PV array4 mounted on a south facing roof and is 
one of the PV systems being studied in this work. 
Figure 1-1: A recent UK domestic PV system 
(installed under the UK Government's Domestic Field Trial) 
Building integrated PV has become the dominant type of PV application in recent 
years. A yearly survey by the International Energy Agency (IEA) in 2004 estimated 
that worldwide grid-connected5 dispersed PV systems (almost all of which are 
building integrated) represented around 75% of all PV applications (IEA, 2005b). 
The total installed capacity of grid-connected dispersed systems was 2,060 MWp6 
at the end of 2004, an increase of about 50% from the previous year (IEA, 2005b). 
The IEA also provides a breakdown of the PV capacity of twenty countries from 
2002 to 2004 (IEA, 2003, IEA, 2004a and IEA, 2005b). Japan, Germany and the 
3A PV module is the component in a PV system which convert sunlight into DC electricity. Modules are flat 
panels of dimensions typically around 0.5 by 1 metre and contain a number of PV solar cells. 
4A PV array is a group of PV modules 
5A grid-connected PV system is connected to the mains electricity grid and exports excess electricity to the 
g rid 
6 Wp (watt peak) is the measure used to describe the size of a PV system. A1 kWp system will generate 1 kW 
of electric power under bright sunny conditions known as Standard Test Conditions, which are defined in 
Section 2.1.1. 
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USA have the majority of the world's PV installations (Figure 1-2). 
End of 2002 
899 MWp installed 
32% 
increase 
End of 2003 
1363 MWp installed 
51% 
increase 
End of 2004 
2060 MWp installed 
Japan =Germany =USA =Others 
Figure 1-2: Installed capacity of dispersed grid connected PV systems in 
selected countries from 2002 to 2004. The size of the charts is 
proportional to the total PV installed at the end of that year. 
The UK had 7.4 MWp of dispersed grid connected PV systems at the end of 2004, 
0.4% of the worldwide total (lEA, 2005b). Governments in Japan, Germany and 
other countries have encouraged the growth of PV through the use of subsidies, 
guaranteed "feed-in" tariffs' and other market stimulation mechanisms (lEA, 
2004a). The current target of the Japanese government is an installed capacity of 
4.8 GWp of PV by 2010, double the 2004 world capacity and four times the 
Japanese capacity of 2004 (IEA, 2004b). 
In 2002, the UK Government introduced its own subsidy programme to stimulate 
the UK PV industry and increase capacity. The Major Demonstration Programme 
(MDP) provided 50% of the costs for domestic PV systems, and 40% to 60% for 
larger commercial or public building installations (IEA, 2004c). Funded by the 
Department of Trade and Industry (DTI), the MDP resulted in the installation of PV 
systems on 172 domestic and 16 non-domestic buildings in 2003 (IEA, 2004c). 
A feed-in tariff is an agreed price for the sale of excess PV electricity 
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1.2. Efficiency improvements and monitoring 
The main aim of researchers and industry in the building integrated PV sector is to 
reduce the capital costs of PV system components. A further aim is to improve the 
performance of installed PV systems. A drive for greater efficiency is necessary to 
increase the amount of electricity generated per Wp of installed PV capacity and so 
reduce the unit cost of the electricity. An essential part of such work is in 
understanding the energy losses which occur in installed PV systems and 
developing methods to minimise these energy losses. Some losses, such as the 
energy lost in the conversion of sunlight to electricity by the PV cell, are 
unavoidable and can only be significantly reduced by step change improvements in 
the technology of PV system components. Other energy losses, such as shading, 
are related to the installation of the PV systems and can be minimised through 
careful planning, design and operation. 
Energy losses in installed PV systems can be detected by monitoring the 
operational performance and analysing the recorded data. Monitoring of PV 
systems has been used to develop guides and benchmarks for PV system 
performance (IEA, 2000). Demonstration PV systems (usually among the first PV 
systems to be installed in a country) and systems with unique characteristics (such 
as new cell technologies or novel construction techniques) often have their 
performance monitored in detail (e. g. lEA, 2000; Roaf and Fuentes, 1999; Kiefer et 
al., 1995). These monitoring studies record the performance of PV systems, 
analyse the energy losses and provide recommendations to improve the design of 
future systems. This becomes an iterative process when the next generation of PV 
systems incorporating the design improvements are themselves monitored and 
used to develop further recommendations to raise efficiency. 
This process can be seen in the history of PV system installations in Germany, In 
the early 1990s Germany introduced a major subsidy programme for building 
integrated PV and many of the initial systems were monitored (Erge et al. 2001). 
Studies of the performance of these early systems showed that the reliability of the 
inverters8, the length of time taken to repair any faults, and shading were reducing 
8 The inverter is an electronic device which converts DC electricity to AC electricity, often used so that the PV 
generated electricity can be used by household appliances and exported to the mains electricity grid 
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the system efficiency (Kiefer et al., 1995; Erge et at., 2001). These observations 
were used to improve future PV installations and, as a result, a recent study of PV 
systems installed in Germany from 1991 to 2002 shows a 4% increase in the 
energy yield of systems installed in the later years (Jahn and Nasse, 2004). 
1.3. Aims and objectives of this thesis 
This thesis documents the work undertaken to develop a suite of new PV system 
monitoring techniques which provide a better understanding of the energy losses in 
installed PV systems. The basis of this work is a study of one hundred and nine PV 
systems installed at five sites in the UK between 2002 and 2004 as part of the 
DTI's Photovoltaic Domestic Field Trial (a precursor to the MDP). Each of the sites 
has twelve to thirty grid-connected domestic PV systems and the performance of 
each system is monitored. Preliminary work for this thesis, undertaken by the 
author, involved: the commissioning of the monitoring systems at the five sites; 
installing a monitoring system at one site; conducting several construction and 
commissioning inspection visits; and setting up data collection and processing 
procedures. 
The performance of the PV systems is monitored every five minutes. Little previous 
work has been carried out using recorded data at a resolution of five minutes or 
less (Pearsall and Hynes, 2003; Kiefer et al., 1995). The relevant British Standard 
for PV system monitoring, BS EN 61724 (BSI, 1998), is based on hourly recorded 
data which is typical for PV monitoring. Hourly data can be studied directly (for 
example Oozeki et al., 2003) or analysed using monthly or annual totals (lEA, 
2000). The new approach to PV system monitoring developed in this work is based 
on the high resolution (short time interval) five minutely data available from the 
monitored PV systems. 
The aims of this study are: 
9 to demonstrate how high resolution monitoring can improve our understanding 
of PV system performance; and 
" to demonstrate how such monitoring can be used to raise the efficiency of 
current and future PV installations. 
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The following six objectives were identified to meet these aims: 
1. a literature review of current and past PV monitoring and a critique of the 
analysis techniques 
2. a report on the data collection process and the characteristics of the monitored 
data for the PV systems under study 
3. the development of new techniques to investigate the energy losses in PV 
systems based on high resolution monitored data 
4. the development of new techniques to detect faults in PV systems based on 
high resolution monitored data 
5. a study providing insight into the performance of the monitored PV systems and 
the problems encountered during operation 
6. a list of recommendations, based on the findings of this work, to raise the 
efficiency of the monitored PV systems and future UK domestic PV systems 
Objective 1 sets out the need for new PV monitoring techniques and provides the 
justification for this study. Objective 2 develops confidence in the quality of the 
monitored data on which the techniques are based. Objectives 3 to 4 form the 
original aspect of this work and document the development of the new techniques 
for PV system monitoring. Objective 5 applies the techniques to the monitored PV 
systems and demonstrated how they improve understanding of the energy losses. 
Objective 6 gives the practical lessons learnt from this study and recommendations 
for future PV installations. The chapters within this thesis are structured to meet the 
six objectives (Figure 1-3). 
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Chapter 1. Introduction 
Objectives 
1. Literature review 
2. Data collection and 
data quality 
j- 
Chapter 2 Chapter 3 Chapter 4 
" Introduction " Details of PV " Data 
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monitoring under study quality and 
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data 
jj 
3 and 4. 
Development of new 
PV monitoring 
techniques 




for future systems 
Chapter 5 
" Analysis of 
annual 
results 




" Analysis of 
normal 
operation 












Chapter 8. Conclusions 
Figure 1-3: Organisational structure of this thesis and 
the relationship of chapters to objectives 
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2. PV Systems: Monitoring, Losses and Faults 
This chapter presents a review of PV system monitoring and the energy 
losses which occur during operation. Monitoring is the process of 
measuring a number of parameters during operation and analysing the 
measured data to evaluate the system performance. Monitoring provides 
information on the operation of the PV system, shows if the electricity generation is 
as expected and highlights when faults occur. 
The energy losses which occur in PV systems determine whether a system is 
working well or not. Some energy losses are unavoidable, an intrinsic part of PV 
system operation, and others only occur occasionally. Monitoring techniques can 
be used to determine the energy losses, which in turn may explain why a system 
performs poorly. This chapter presents a literature review of previous monitoring 
studies, some of which identify energy losses, and shows how the work described 
later in this thesis contributes to monitoring research. 
2.1. Annual PV system monitoring 
2.1.1 Methodology 
PV systems are often monitored according to standards, for example the British 
Standard BS EN 61724 (BSI, 1998), and the measured data can be analysed 
annually (for example lEA, 2004d). Annual results are used in PV system 
monitoring because they illustrate the performance of the system over a significant 
time period of operation, rather than a snapshot of the performance over, say, a 
single day. They are constructed using data throughout the year to account for the 
effect of seasonal variation. Due to different solar radiation and temperature levels, 
PV systems operate at their best at certain times of year. The annual results can 
be compared with benchmark values to assess the system performance. 
A simple performance monitoring system of an energy generator measures the 
energy input and the energy output and uses these values to assess how well the 
generator works. The ratio of energy output to energy input is the on-site efficiency, 
a measure of the ability of the generator to convert the input energy into useful 
energy. In PV systems the energy input is the solar radiation received by the PV 






System e fficiency :; 
ratio of energy 
output to energy 
input 
Performance ratio: 
ratio of system 




Figure 2-1: Energy input and output in a PV system 
BS EN 61724 defines the overall system efficiency of a PV system as the ratio of 
energy output to energy input (BSI, 1998). In this work, this parameter is referred to 
more simply as the system efficiency. System efficiency provides an evaluation of 
the overall sunlight to AC electricity conversion process and, as the parameter is 
largely independent of the size of the PV system and the amount of annual solar 
radiation received, it can be used for all types of systems. However system 
efficiency does not take into account the expected performance of the PV system 
(which depends on the choice of PV modules and other components) and thus it is 
does not provide information on whether the system is operating well or poorly. 
The performance ratio does provide this information by considering the expected 
- 11 - 
PV module 
(rated) efficiency of the system under ideal operating conditions. Performance ratio 
is a parameter derived from the system efficiency and is the most common method 
of PV system performance assessment (for example IEA, 2004d). PV modules are 
rated according to their power output under a standard set of environmental 
conditions, known as Standard Test Conditions (STC). STC 'is defined as a solar 
irradiance9 of 1000 W/m2, a PV cell temperature of 25 °C and a solar spectrum1° of 
air mass 1.5. The efficiency of a PV module at STC (the ratio of DC energy output 
to solar energy input) is known as the PV module rated efficiency. In performance 
ratio calculations, ideal operating conditions assumes that the entire PV system 
operates at the rated efficiency of the modules and no other losses occur. 
Performance ratio is calculated as the ratio of the actual system efficiency to the 
efficiency under ideal operating conditions, or more simply the ratio of the system 
efficiency to the rated efficiency of the PV modules. 
The use of system efficiency and performance ratio is illustrated with a hypothetical 
example for two PV systems (Table 2-1). The rated module efficiency of each 
system is known, and the annual totals of solar radiation and energy output have 
been monitored. System A has an annual system efficiency of 10%, higher than 
System B at 8%. However this was expected as the modules in System A are more 
efficient than those used in System B. Taking the rated module efficiency into 
account, the annual performance ratios show that system B (80%) is actually 
performing slightly better than System A (77%). 
Table 2-1: An example of system efficiency and performance ratio calculations 
System Rated PV array Annual solar Annual energy Annual Annual 
module area (m) radiation output from the system performance 
efficiency received PV system efficiency ratio (%) 
(%) (kWh) (kWh) (%) 
A 13 10 10,200 1,020 10 77 
B 10 8 9,000 720 8 80 
Irradiance is the power of the sunlight striking the PV array per unit area, measured in W/m2. 
10 The solar spectrum refers to the variation of energy at different wavelengths found within sunlight. The 
spectrum is dependent on the air mass (a value derived from the distance the sunlight travels through the 
atmosphere). The effect of the solar spectrum on PV system performance is not considered in this work. 
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2.1.2 Benchmark of performance 
Five previous studies have been chosen to illustrate typical annual performance 
ratio values for domestic PV systems (Table 2-2). The studies represent a broad 
cross section of different locations and system designs relevant to the UK context. 
An lEA report (lEA, 2004d) described 170 PV systems in six countries monitored 
between 1996 and 2002 and the average annual performance ratio for each 
country ranged from 67% to 72%, with maximum values for individual systems 
around 85%. The performance ratios recorded by two other recent studies 
(Pearsall and Hynes, 2003; Oozeki et al., 2003) showed similar values to the lEA 
report. The Oxford Solar House study (Roaf and Fuentes, 1999) described the 
performance of one of the first domestic PV systems to be installed in the UK. The 
performance ratio of 64%, monitored in 1996 to 1998, was slightly lower than the 
UK systems monitored in later years by Pearsall and Hynes (69%). In the German 
1000 roofs programme of 1993 to 1995 (Kiefer et al., 1995), the performance ratios 
were low (66%) in comparison with later installations in Germany reported in the 
IEA report (71%). The German 1000 roofs programme study also illustrated how 
very low annual performance ratio values are possible, with the lowest 
performance ratio of an individual system at 28%. 
Based on these five studies, a rough benchmark was developed for use with the 
PV systems monitored in this work. For PV systems installed in the late 1990s an 
average annual performance ratio of around 70% can be expected, with maximum 
values for individual systems as high as 85%. Annual performance ratios have 
risen since 1993, as shown in the UK and German PV systems in Table 2-2 and in 
the paper by Jahn and Nasse (Jahn and Nasse, 2004) described in Section 1.2. 
Thus the performance ratios of recently installed systems (i. e. later than 2002) may 
be even higher then the late 1990s benchmark values. Analysis of the distribution 
of performance ratios for the six countries in the lEA study shows that the majority 
of systems have annual performance ratios above 55%. This provides a rough 
benchmark for minimum acceptable annual performance ratios and systems with 
performance ratios below this figure are almost certainly not performing as well as 
expected. 
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Table 2-2: Annual performance ratios from worldwide studies 
Years Number Average annual Range of annual Study Location 
monitored of 
PV performance performance 
systems ratio (%) ratio (%) 
Austria 1997 - 2001 9 67 50 - 75 
IEA: Country Germany 1996 - 2002 55 71 50 - 85 
reports on PV Italy 1999 - 2002 20 70 45 - 80 system 
performance Japan 1997 - 2000 46 71 55 - 85 
(IEA, 2004d) Netherlands 1997 - 1999 8 72' 65 - 80 
Switzerland 1996 - 2002 32 70 55 - 85 
Monitoring of 
Domestic PV 













programme Germany 1993 -1995 100 66 28 - 83 
(Kiefer et al., 
1995) 
2.1.3 Limitations 
The use of annual monitoring is a simple and effective method of evaluating the 
performance of PV systems. However there are disadvantages to the approach. 
Annual performance ratios show when systems are performing poorly (by a low 
performance ratio) but their use cannot explain why this poor performance occurs. 
They also fail to explain why some PV systems work better than others. 
The analysis of annual results is simply not detailed enough to investigate the 
effect of the many factors which affect PV system performance. Monitoring must be 
carried out at a much higher resolution, for example daily or hourly, to identify and 
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quantify the many energy losses that occur during PV system operation. Once the 
energy losses are understood, the reasons for any poor performance can be 
determined. 
2.2. Energy losses and faults 
2.2.1 Classification 
Many types of energy losses occur in PV systems as part of the sunlight to useful 
electricity conversion. This work takes a new approach by classifying the energy 
losses into two separate categories: operational losses and faults. PV system 
performance is described as occurring in three states: ideal, normal and actual 
(Figure 2-2). Ideal operation represents the PV system operating at ideal 
conditions, with system efficiency equal to the PV module rated efficiency and no 
other losses (as described in the performance ratio calculations in Section 2.1.1). 
Normal operation describes the expected operation of a well-designed and 
performing PV system. The system efficiency at normal operation is lower than the 
ideal because of operational losses: inherent, unavoidable losses that occur in all 
installed PV systems. Actual operation represents the monitored performance of 
the PV system. System efficiency at actual operation may be lower than at normal 
operation due to faults, additional energy losses in the system which are 
considered avoidable and not a part of normal operation. 
The operational losses are caused by environmental factors, for example the level 
of solar radiation or temperature, or the physical properties of the system 
components, for example the resistive energy loss in the DC cables or the energy 
loss due to the inverter DC to AC conversion process. The faults are due to poor 
system design (for example shading), component malfunction or problems with the 
mains electricity grid. The separation of energy losses into the two categories is 
useful when investigating possible improvements in PV systems operation. With 
better design and operation, faults can be minimised or even removed entirely. 
However, with the technology used in contemporary PV systems, operational 










Monitored Actual operation 
system 
efficiency 
Figure 2-2: Schematic diagram of system efficiency at the three states of operation. 
2.2.2 Identification 
Six sources, a combination of monitoring studies and technical documentation, 
have been used to develop a list of operational losses and faults (Table 2-3). Eight 
types of operational losses and five types of faults are identified. These energy 
losses are used to investigate the performance of the PV systems monitored in this 
work. The operational losses and faults identified do not represent a complete list 
of all possible energy losses but instead those which are appropriate for analysis in 
this study. The descriptions given in the list are intended as a brief summary of 
each loss and a full literature review of the losses is provided in Chapters 6 and 7. 
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Table 2-3: List of operational losses and faults considered in this work 
Name Description Source 
Deviation from STC Loss due to the rated efficiency of the PV 2,3,4 
modules being lower than the value provided 
by the manufacturer 
Mismatch Loss due to PV array containing modules with 3,4 
slightly different characteristics 
uj Irradiance loss Variation of module efficiency with irradiance 2,3,4 
9 DC wiring Resistive loss due to power flow in DC cables 3,4 
z 
Inverter maximum power Loss due to ensuring the PV modules operate 1,2,3 
point (MPPT) tracking at their maximum power point 
Temperature loss Variation of module efficiency with 1,2,3,4 
a. 
O temperature 
Inverter DC-AC Loss in conversion of DC power to AC power 1,3,4 
conversion 
Inverter power derating Also known as 'inverter saturation' and occurs 5 
when the power input to the inverter exceeds 
the inverter rating 
Component failure Electricity generation ceases completely due 
to component failure or breakdown 
System isolation Electricity generation ceases completely due 
to the system being isolated (i. e. switched off 
for maintenance work) 
j Inverter shutdown Electricity generation ceases completely due 6 
to a power cut or variation in the grid voltage 
Shading Solar radiation blocked by external shading 1,2,3,4 
objects, i. e. buildings, trees 
Inverter maximum power When MPP tracking causes a significant - 
point (MPP) tracking reduction in efficiency. Also known as'inverter 
failure dropout'. 
Sources: 1- SV Method (Oozeki et al., 2003); 2- PVSAT-2 (Stettler et al., 2005); 3- TEAMS 
(Reinders et al., 1999); 4- 2250 PV roofs in Germany (Kiefer et al, 1995); 5- (Ransom and 
Fun tan, 2005); 6- inverter technical documentation (SMA, 2005) 
In this work shading refers significant energy losses caused large external objects 
blocking the solar radiation. The losses could be avoided by better design of the 
positioning of the PV system. Shading is classified as a fault as there is a distinct 
difference in the performance of a PV system when it is shaded and when it is not. 
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In PV systems there will always be some shading at very low sun angles (normally 
around sunrise and sunset) which often cannot be avoided and this could be 
classified as a normal operation energy loss. However this loss is not investigated 
as it is considered to be small (due to the low solar radiation levels at sunrise and 
sunset) and the losses are not easily detectable in the monitored data. 
There are further energy losses in PV systems which have been identified by other 
studies but which are not considered suitable for this study. Orientation loss is the 
effect on solar radiation energy input due to non-ideal orientation and tilt of a PV 
array (Reinders et al., 1999). It is calculated by comparing the energy yield to that 
of a PV system with ideal orientation and tilt. This requires the energy yield of the 
ideal system to be simulated and does not form a part of performance analysis in 
line with the aims of this work. Incidence angle reflection loss, described as the 
loss due to reflection of solar radiation at the surface of the PV modules (Oozeki et 
al., 2003; Reinders et al., 1999), and spectral effects (Reinders et al., 1999) cannot 
be studied due to the types of radiation sensors used. Other losses, for example 
the difference between static and dynamic maximum power point tracking 
(Reinders et al, 1999), are not considered as the measurements required to 
analyse these losses were not recorded. 
2.3. High resolution monitoring and simulation 
2.3.1 Previous studies 
Four studies which quantify the energy losses in PV systems have been identified 
(Table 2-4). The recording intervals" range from 10 minutely to hourly and the use 
of data with a short recording interval, from seconds up to hourly intervals, is 
termed high resolution monitoring. The high resolution data provides a more 
detailed picture of the system performance and allows individual energy losses to 
be identified. The studies use either a monitoring only approach or monitoring plus 
simulation. Monitoring only analysis is based on a small number of measured 
parameters with a short recording interval. Information on the PV system 
performance is obtained by investigating the trends and patterns in the monitored 
data. The simulation approach uses models of PV system operation to simulate the 
11 The recording interval is the time period between each recorded measurement 
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electricity output. The simulated results are compared with the monitored data and 
the differences are used to investigate the energy losses. 
Table 2-4: Losses quantified by previous studies. 
German 1000 
SV Method TEAMS Data Analysis roofs 
(Oozeki et al., (Reinders et (Baltus et al., 
programme 
2003) al., 1999) 1998) (Kiefer et al., 
1995) 
Number of systems 421 1 1 1 
monitored 
Monitoring interval hourly 10 minutes 10 minutes hourly 
Simulations used no yes no yes 
Loss in annual performance ratio (in performance ratio percent) 
Deviation from 9 5.7 - 0.3 STC 
Mismatch -124.4 





Zg1.5 1.2 power point 
(MPP) tracking 
a Temperature 4 6.1 2.4 
3.3 w 
0 
DC wiring -. 1 0.9 - 
Inverter DC- 6 12.1 4.8 9.3 AC conversion 
Shading 4--- 
L 
1 In the TEAMS method the mismatch and DC wiring loss are given as a combined total of 3.9 
2 In the Data Analysis method, the mismatch and inverter MPP tracking losses are given as a 
combined total of 16.3 
The Sophisticated Verification method (SV method), presented by Oozeki et at. 
(Oozeki et at., 2003) and demonstrated by Sugiura et al. (Sugiura et at., 2003), is a 
high resolution monitoring only approach. In-plane irradiance, PV module 
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temperature, DC power output from the array and AC power output from the 
inverter were recorded at hourly intervals and used to quantify the energy losses. 
The monitored data was separated into months and each month was analysed 
separately. The only fault identified was shading, which was estimated based on 
the expected performance at different times of day. The Data Analysis method by 
Baltus et al. (Baltus et al., 1998) was also a monitoring only study in which ten 
minute data was used to estimate the energy losses. 
The TEAMS (Reinders et at., 1999) and the German 1000 roofs programme (Kiefer 
et at., 1995) studies both used simulation. Losses which could be investigated 
directly from the monitored data were quantified and the remainder, in particular 
the mismatch and DC cabling losses, were estimated using simulated results. The 
simulations required models of the components of the PV systems and detailed 
measurements of the PV system before operation (such as IN curve 
measurements12). These measurements could also be used to calculate other 
losses, such as the actual STC rating of the modules compared to the 
manufacturers stated rating. Faults were not identified by the simulation studies. 
The four studies provide significantly different values of the operational losses. For 
example irradiance loss is estimated from 3.7% to 11.8% and MPP tracking loss 
from 1.2% to 9%. Three of the studies are based on single PV systems and this 
variation could be the result of different design or components. 
Fault detection was carried out in only one of the four studies (the SV method 
estimated shading) - and other studies have demonstrated fault detection 
techniques. Pearsall and Hynes (Pearsall and Hynes, 2003) detected faults in PV 
systems using five minute interval monitored data. The monitored data was 
separated into daily sections and visual inspection the data revealed examples of 
shading and inverter power derating. However the effect of these faults on overall 
system performance was not quantified. Another fault detection method is the 
PVSAT project, an initiative to detect faults in PV systems using solar radiation 
data derived from satellite data (Stettler et at., 2005). The method used the INSEL 
12 The IV curve of a PV system is the relationship of the current (1) and voltage (V) of the array over a variety of 
loads, from short circuit to open circuit. 
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simulation tool and satellite data is used to estimate the energy output of the PV 
system. Faults are detected and identified by comparing the simulated and actual 
monitored results from a single day, 7 days or 30 days. PVSAT does not attempt to 
quantify the energy lost due to faults. 
2.3.2 Limitations of previous studies 
There is no single approach which investigates the effect on performance of both 
the operational losses and the faults. The SV method provided a technique of 
estimating the operational losses from monitored data, but because it used hourly 
data, it did not provide information on the majority of faults. At the hourly level, a 
fault which occurred for only a few minutes would not show up in the data. A higher 
resolution recording interval, such as the five minute interval used by Pearsall and 
Hynes, revealed faults but there was no established method to quantify the losses. 
The simulation studies of TEAMS and the German 1000 roof programmes 
quantified the operational losses but did not identify the faults. Faults were 
identified through simulation by PVSAT but only at the hourly level and again the 
effects on performance were not quantified. Models tend to suit the general case 
rather than specific cases and applying a model to a particular PV system can be 
difficult. The model may need calibrating to match the characteristics of the PV 
system and this requires detailed knowledge of the system components, normally 
acquired through on-site measurements at the start of system operation. These 
measurements add an extra level of complexity and cost onto the simulation 
approach. 
A further limitation of the approaches is the requirement to separate data into 
discreet sections. For example the SV method analyses data on a month-by-month 
basis and the TEAMS approach separates the data into daily sections to analyse 
shading. This is a time-consuming approach for large datasets and it is possible 
that long term trends in the data may go unnoticed. 
2.3.3 Approach taken in this study 
Monitoring only analysis, without simulation, is used as the approach to PV system 
performance analysis in this work. This decision was made partly through 
necessity and partly through a rational appraisal of the different performance 
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analysis techniques. The monitoring systems for the PV systems under study were 
designed and installed without reference to this work (see Section 3.2) and the 
style of monitoring (a small number of measured parameters at a five minute 
recording interval) suited the monitoring only approach. There was also little 
opportunity for additional measurements which are required for simulation 
techniques. 
In addition, as the recording interval of the monitored data decreases, the need for 
a model of PV system operation becomes less. If the operation of a PV system is, 
measured on a second-by-second or minute-by-minute basis then it is possible that 
all the information required to understand the system operation is available within 
the data. The use of models, with their added complexity, is more difficult to justify. 
The monitoring only approach, especially if used in combination with high 
resolution data, can potentially provide a near real time assessment of the system 
performance and be capable of detecting and identifying faults. 
The remainder of this thesis presents the work carried out in developing a new 
performance analysis method based on the monitored five minute interval data. 
The approach is designed to investigate both operational losses and faults, thus 
overcoming the limitations of previous methods. The approach also analyses 
datasets spanning large time periods (a year or greater) and does not require the 
data to be separated into smaller sections. This allows the identification of patterns 
and trends in the data but retains the detail of the high resolution measurements. 
2.4. Summary 
A review of worldwide monitoring studies provides a benchmark for PV system 
performance. The average annual performance ratios for PV systems installed in 
the late 1990s was around 70%. Performance ratios had risen over the past 
decade and higher values could be expected from the monitored PV systems in 
this study, all of which were installed after 2001. The limitation of annual monitoring 
was that it could not explain the difference in performance between systems. 
Energy losses in PV systems have been classified into the two categories: 
operational losses; and faults. Thirteen different types of energy losses were 
considered in this work, based on a survey of six previous studies. A discussion of 
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studies which quantify these losses showed that energy loss due to faults had not 
been investigated in detail. Models and simulations of PV systems were used in 
some of the studies, which added a layer of complexity and cost to the analysis 
process. 
The analysis approach taken in this work used monitored data only (which avoided 
the use of simulation). The value of using a five minutely recording interval to 
identify and quantify the energy losses is explored. The methods used to collect 




3. The Field. Trials: Data Measurement, Collection 
and Processing 
The performance analysis techniques developed in this thesis are based on 
monitored data from UK domestic PV systems and this chapter describes 
the measurement, collection, transfer and processing of the monitored 
data. One hundred and nine PV systems were monitored for this study. The PV 
systems were on five sites, each with between twelve and thirty systems, and the 
sites were located throughout the UK. The systems were installed and monitored 
under the UK Government's PV Domestic Field Trial (DFT), a fully funded 
government programme intended as the first step in the creation of a significant 
domestic PV market. 
The crucial aspect of the DFT programme relevant to this work is the monitoring of 
the operation and performance of the PV systems. The monitoring systems 
installed at the five PV sites were designed to meet a specific set of requirements 
as part of the DFT contract. The types of sensors and data loggers were chosen to 
meet this specification. Methods of data transfer and processing were developed 
and software was chosen to analyse the monitored data. Examples of the data 
analysis methods are given and the results of the data analysis form the content of 
Chapters 5 to 7. 
This chapter describes a combination of work undertaken by the PV installation 
companies and the author of this thesis. The PV installers were responsible for 
designing and installing all of the PV systems and all of the monitoring systems 
except for the Ashley Vale site, where the author took part in the monitoring system 
installation. The author also developed the data transfer routines (Section 3.2.5) 
and the data processing routines (Section 3.3). 
3.1. The UK Photovoltaic Domestic Field Trial 
3.1.1 Background 
The DFT was set up by the UK Government in May 2000 (BRE, 2003). Funded by 
the Department for Trade and Industry (DTI, 2005c), its main aim was to install a 
large number of domestic grid-connected PV systems throughout the UK. This 
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would provide a significant learning opportunity for government, developers, 
planners, housing associations, utility companies and the PV industry. It would also 
stimulate the UK market in order to streamline the design and installation 
processes and drive down costs. The DFT management contractors were Future 
Energy Solutions (FES, 2005), the Building Research Establishment (BRE, 2005) 
and IT Power (IT Power, 2005). The monitoring specialists for the project were the 
Energy Monitoring Company (EMC, 2005) and the Northumbria Photovoltaic 
Applications Centre (NPAC, 2005) at the University of Northumbria. 
The DFT sought to install PV systems on clusters of houses throughout the UK and 
to involve as many participants as possible. Thirty one sites were chosen and over 
750 domestic buildings were fitted with PV systems. The sites were geographically 
chosen so each District Network Operator (DNO) of the national electricity grid was 
involved with at least one project. A wide range of built forms were chosen. Two 
thirds of the sites were social housing or mixed developments. Seventeen sites 
were new build (the PV was installed at the same time as the properties were 
constructed), thirteen were retrofit (the PV was installed into existing housing) and 
one site was a mix of both. The design, installation and operation of the PV 
systems were managed by project teams, usually a partnership between the 
property owners, energy consultants and PV installation firms. 
The DFT was fully funded by the DTI. As part of the funding requirements, each 
site was required to have a comprehensive monitoring system and to collect 
performance data over a two year period. It was the responsibility of the project 
teams to carry out the monitoring. The aim of the monitoring was to make a 
detailed assessment of the operation, reliability and performance of the PV 
systems and to feed this information back to the developers, owners, tenants and 
the PV industry. 
Information was also gathered on the design of the PV systems and the 
management of the installation process. For each site a design report, a 
procurement report, an installation report, a commissioning report and several 
monitoring reports were produced by the project teams. A social survey was 
carried out by the project teams, based on a questionnaire specific to the DFT, to 
provide information on the user satisfaction and opinions of the owners or tenants 
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involved. 
3.1.2 Sites monitored in this study 
The PV systems studied in this work were installed at five of the DFT sites: 
Corncroft (Nottingham), Heron Close (Leeds), Panmure Street (Glasgow), 
Newbiggin Hall (Newcastle) and Ashley Vale (Bristol) (Table 3-1 and Figure 3-1). 
The sites were a mixture of new build and retrofit developments. Four of the sites 
are social housing projects and the PV was installed onto properties rented by 
tenants. Ashley Vale is unique in the DFT as it is a self build development. The 
individuals own their properties and the PV systems, and they installed the PV 
systems themselves. All of these sites were project managed by the energy 
consultants Energy for Sustainable Development Ltd. (ESD, 2005), who co-funded 
this study. 
Table 3-1: Details of the PV sites: location and built forms 
Site Acronym Location New-build or Social Type of buildings 
Retrofit housing 
or private 
Comcroft CC Nottingham New-build Social Bungalows 
Heron HC Leeds Retrofit Social 2 storey blocks and flats 
Close 
Panmure PS Glasgow New-build Social One block of 12 flats 
Street 
Newbiggin NB Newcastle Retrofit Social Block of flats 
Hall 
Ashley AV Bristol New-build (self Private Mixture of detached, 




Figure 3-1: The five PV sites in this study 
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Newbiggin Hall 
3.1.3 PV system design 
The PV systems installed in the DFT are typical of domestic PV systems 
constructed according to the latest UK guidelines (DTI, 2002). They consist of an 
array and balance of system components: inverters, DC isolators, AC spurs, DC 
cables, AC cables and current protection devices (Figure 3-4). The inverter is an 
electronic device which converts the DC electricity generated by the PV array to 
AC electricity with the same voltage and frequency as the mains electricity 
network. The inverter also controls the operating voltage of the PV array to 
maximise the power output and, as a safety feature, shuts down if the mains 
electricity fails or if the mains voltage becomes too high or too low. Other safety 
precautions are provided by the DC isolators, AC spurs and current protection 
devices located within the fuse box. These components isolate one part of the PV 
system from another and the whole PV system from the mains electricity network 
in case of emergencies or for maintenance work. The DC cables connect the PV 
array to the inverter and, as the connection to the PV array is outside the building, 
the cables are designed to withstand external environmental conditions. The AC 
cables are standard internal domestic cabling and connect the inverter to the 
household fuse box (also know as the consumer unit). 
The PV arrays are installed on the roofs of the buildings using two distinct 
methods. Bolt-on mounting systems use specially constructed frames to mount the 
PV modules over the building surface (Figure 3-2). There is an air gap between the 
PV modules and the building surface, typically of 10 to 15 cm. In integrated 
systems the PV modules are part of the building envelope (Figure 3-3). The 
modules form a part of the roof, wall or facade and act as a building material 
protecting the building from the weather as well as generating electricity. Integrated 
systems can reduce overall costs as the PV modules replace some of the building 
materials. 
PV systems are also integrated electrically into buildings. Grid-connected systems 
are normally connected to the building circuitry at the consumer unit or fuse box 
(Figure 3-4). PV generated electricity is automatically used by the appliances in the 
building and reduces the import of electricity from the mains electricity network. 
This contributes to savings on electricity bills. If, at any one moment, the amount of 
PV electricity being generated is greater than the demand of the building 
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appliances then the excess is exported to the mains electricity network. The 
exported electricity may be sold to the electricity distribution company. 
Figure 3-2: A single PV module on a bolt-on Figure 3-3: A complete PV array integrated 
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i electricity network 
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Figure 3-4: Schematic diagram of the main system components 
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3.1.4 PV systems specifications 
There were between 12 to 30 PV systems installed at each site and the total 
installed PV capacity was from 13 kWp to 40 kWp (Table 3-2). The systems were 
installed between early 2002 and June 2004 and monitoring began from June 2002 
to November 2004. Individual system size varied from 0.77 kWp to 2.55 kWp and 
the PV array area from 5.7 m2 to 19.0 m2. The arrays had a variety of orientations 
and contained between 9 and 30 PV modules. Two types of PV modules were 
used: BP Solar 585 laminates and Astropower AP modules. These modules are 
both crystalline silicon PV modules and have rated efficiencies of 13.8% and 
12.3% respectively. Throughout all five sites a range of SMA Sunny Boy inverters 
are used, with power ratings from 700 W to 2500 W. 
3.2. Monitoring system design 
3.2.1 The DFT monitoring specification 
Monitoring systems were set up at each site to record the performance of the PV 
systems and the energy flows in the houses. Under the DFT contract, monitoring 
had to begin immediately after the commissioning of the PV systems and continue 
for a two year time period. To ensure the monitoring was concurrent with the aims 
of the DFT and that there was conformity between the sites, a monitoring 
specification was developed by the Energy Monitoring Company (Table 3-3, Figure 
3-5). All of the monitoring systems within the DFT had to meet the requirements set 
out in this specification. It provided clear guidelines to the project teams at each 
site about the requirements of the monitoring and the design of the monitoring 
systems. The specification ensured that the monitoring was carried out to a high 
level of accuracy and meaningful conclusions could be drawn from the data 
recorded. 
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Table 3-2: Details of the PV Installations 
Site Corncroft Heron Panmure Newbiggin Ashley Vale 
Close Street Hall 
Number of PV 22 30 12 25 20 
systems 
Installed PV 34 40 13 38 25 
capacity (kWp) 
Installation date Early 2002 Aug to Dec Sept 2003 June 2004 Early 2004 
2002 
Start of monitoring June 2002 Feb 2004 June 2004 Aug 2004 Nov 2004 
period 
Size of PV systems 1.53 to 1.7 0.88 to 1.92 1.08 0.77 to 2.55 1.08 
(kWp) 
Mounting system Roof Bolt on Bolt on Roof Bolt on 
integrated integrated 
Array orientation - 22 Various: -50 10 85, -5,95 Various, -20 
to 40 to 20 
Array inclination 30 37.5 30 40 40 
Number of PV 18 to 20 7 to 16 9 9 to 30 9 
modules per array 
Area of array (m) 11.1 to 12.3 7.8 to 15.6 11.7 5.7 to 19.0 11.7 
PV module model BP Solar Astropower Astropower BP Solar Astropower 
585 AP55, AP75 AP120 585 AP120 
laminates and AP 120 laminates 
PV module Mono- Poly- Poly- Mono- Poly- 
technology crystalline crystalline crystalline crystalline crystalline 
silicon silicon silicon silicon silicon 
PV module rated 13.8% 12.3% 12.3% 13.8% 12.3% 
efficiency 
Inverter model SMA Sunny SMA Sunny SMA Sunny SMA Sunny SMA Sunny 
Boy 2500 Boy 700 - Boy 850 Boy 2500 Boy 850 
1100 
Orientation angle is the bearing from due south, where east is positive and west is negative 
2 Inclination angle is the angle made between the slope of the PV array and the horizontal 
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Table 3-3: The DFT monitoring specification (reproduced from the DFT tender 
documentation; DFT, 2002) 
Measured parameter Locations on site Specified Specified Specified 
required required sampling 
resolution accuracy interval 
Solar irradiance on the Once for the whole site 0.25 W/m2 ±5% 
horizontal 
Ambient air temperature Once for the whole site 0.1 °C ± 0.5 °C 
10 sec 
1 min 
Solar irradiance in Once for each set of 0.25 W/m2 f 5% 10 sec 
plane of array arrays with different 
orientation 
Array temperature Once for each set of 0.1 °C t 0.5 °C 1 min 
arrays with different 
orientation 
DC electrical power For each PV system 1W ± 4% Continuously 
output of PV array integrated or 
10 sec 
AC electrical power For each PV system 1W ±2% Continuously 
output of inverter 
-- -- ------- ----------- ----- ------ - ---- ---- ... ----- 
integrated 
- ----- --- ----- - -- ---- 
Electricity imported to For each PV system 1W ±2% Continuously 
building integrated 
Electricity exported from For each PV system 1W ±2% Continuously 
building integrated 
The specification defined the measured parameters, location of sensors, 
resolution, accuracy, sampling interval and recording interval required for the DFT 
monitoring. All the measured parameters were sampled at ten second or one 
minute intervals and were recorded at five minute time intervals. Measurements 
that were regularly sampled (such as irradiance or temperature) were averaged for 
each five minute period and the average value was stored. Continuously integrated 
measurements (such as the import and export measurements which were 
measured by an electric pulse from the sensor for every Wh of electricity flow) 
were continuously recorded and the values totalled for each five minute period. 
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Go Horizontal solar irradiance 
41 Ambient air temperature 
PV array 0\ PV module temperature 
In-plane solar irradiance 
DC power from array 
To building loads 
Inverter 
Energy to grid 
AC power from inverter 
Consumer unit 
Energy from grid 
Mains AC grid 
Figure 3-5: Schematic of measured parameters in DFT monitoring specification 
The measured parameters of irradiances, temperatures, DC power and AC power 
were used to develop the performance analysis techniques. The electricity 
imported and exported by the house did not form a part of the analysis and the 
data was not used in this study. The data has been useful to the work of others, in 
particular the development of a domestic energy consumption model (Stokes, 
2005). 
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3.2.2 Solar radiation sensors 
As already mentioned, solar radiation was measured both horizontally and in the 
plane of the PV array. The horizontal radiation was measured at one location for 
each site and the in-plane solar radiation was measured for each group of PV 
arrays with similar orientations (only once if all the arrays on site had the same 
orientation). The radiation sensors should be unshaded throughout the year and if 
possible were placed above the ridge of the roof (Figure 3-6 and Figure 3-7). There 
were instances when the radiation sensors were shaded and the effect of this is 
discussed in Chapter 5. 
Figure 3-6: In-plane Sensol solar radiation Figure 3-7: Horizontal and in plane 
sensor mounted on the edge of a PV array radiation sensors mounted on a bracket 
at Heron Close above the ridge of the roof at Corncroft. 
The ambient temperature sensor is also 
mounted on the bracket. 
EETS (EETS, 2005) and Sensol (ISET, 2005) radiation sensors are used, both 
consisting of a small PV cell of crystalline semiconductor silicon (Table 3-4). The 
short circuit current13 of the PV cell is measured and used to calculate the solar 
irradiance. As the short circuit current in a PV cell varies proportionally with the 
number of photons absorbed by the cell (as described in Green (Green, 1982)), the 
sensor is essentially a photon counter. The sensors output a voltage signal which 
is proportional to the short circuit current of the PV cell. The voltage signal, typically 
around 0 mV to 60 mV, is measured by the data loggers and used to calculate the 
13 The current under a load of zero resistance 
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irradiance. The radiation sensors were calibrated against reference sensors under 
laboratory conditions. The relative measurement uncertainties of the radiation 
sensors were within the requirement of ±5% set by the DFT monitoring 
specification. 
Table 3-4: Details of the radiation sensors 
Solar Manufacturer Voltage Relative Method of Temperature 
radiation signal measurement temperature coefficient 
sensor at STC uncertainty measurement of voltage 
model signal 
EETS in Energy Equipment Testing 29.48 
house Services (EETS, 2005) mV 
t 0.06% 1 Open circuit + (0.007 ± 
voltage of 0.001) mV / 
silicon cell °c 3 
Sensol Institut für Solare = 60 ± 3% 2 PV array + (0.039 ± 
Energieversorgungstechnik mV temperature 0.009) mV / 
(ISET, 2005) °c 
This figure is provided for STC only 
2 Refers to a confidence level of. 95%. It is not clear if this figure applies to all irradiance levels. 
3 Applicable for 800 W/m2 and 20 - 65 °C 
The voltage signal output is affected by temperature. To account for the 
temperature effect the voltage signal should be temperature corrected14 to an 
equivalent signal at 25 °C using the temperature coefficients provided by the 
manufacturers. The EETS sensor readings were corrected using temperature 
values calculated from the open circuit voltage of the silicon cell. Although the 
Sensol sensors have a built-in temperature sensor, this was not measured by the 
monitoring systems and no temperature correction was made. At high 
temperatures, this could result in the Sensol measurements being slightly higher 
than the true irradiance values. For example, an increase in temperature of 40 °C, 
at irradiance of 1000 W/m2, would result in a 2.6% increase in the irradiance 
measurements. 
3.2.3 Temperature sensors 
Ambient air temperature was measured at one location at each PV site and the PV 
14 Temperature correction is discussed in detail in Section 6.2.3 
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module temperature for each group of PV arrays with similar orientations. Ideally, 
the ambient air temperature sensor is placed out of direct sunlight and is usually 
located under the eaves of a roof on the north side of a house (Figure 3-8). The PV 
module temperature sensor was fixed to the underside of a PV module, preferably 
at the centre of the module and at the centre of a cell (Figure 3-9). Although the 
temperature of a PV array will vary at different locations of the array, only a single 
temperature measurement was made. 
-; ý, 
ý.. 
Figure 3-8: Ambient temperature sensor 
at Ashley Vale. The sensor is placed 
under the eaves on the north side of the 
house to avoid any direct solar radiation. 
Figure 3-9: PV module temperature sensor 
fixed to the back of a PV module at Heron 
Close. Note how the sensor is placed in 
the middle of one of the PV cells. 
The same types of ambient air and PV module temperature sensor are used at all 
five sites (Table 3-5). The ambient air temperature sensor had a plastic and 
aluminium alloy screen to minimise the effect of solar radiation, precipitation and 
wind speed on the measurements. Both sensors used Class B PT100 elements, 
platinum temperature sensing resistors with a resistance of 100 Ohms at 0 °C. The 
measurement inaccuracy of ambient and PV module temperature sensors was the 
same. At a temperature of 80 °C the inaccuracy was low (± 0.34 °C) and within the 
± 0.5 °C range required by the DFT specification (Section 3.2.1). 
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Table 3-5: Details of the temperature sensors 
Temperature Sensor type Sensor Manufacturer Measurement Measurement 
sensor model Inaccuracy inaccuracy at 
80°C 
Ambient air Shielded Air Vector ± (0.3°C +t0.34°C 
PT100 Temperature Instruments 0.005t)' 
Mini-Screen Ltd. (Vector 
T351-PX Instruments, 
2005) 
PV module PT100 with an - Labfacility Ltd. ± (0.3°C +t0.34°C 
adhesive (Labfacility, 0.005t)1 
patch 2005) 
t is temperature in °C 
3.2.4 DC and AC power 
The DC power output of the array and the AC power output of the inverter were 
measured for every PV system at the five sites. The power measurements were 
made by the SMA inverters using in-built sensors. The inaccuracy of the inverter 
DC and AC power measurements was given in the inverter technical 
documentation (Table 3-6); this was outside the limit set by the DFT monitoring 
specification (± 4% for DC power and ± 2% for AC power). The use of SMA 
inverter measurements was discussed in the Second Annual Report of the DFT 
(BRE, 2003) and, as SMA inverters were used in the majority of the DFT projects, 
the inaccuracy limits of the monitoring specification was relaxed. 
Table 3-6: SMA inverter measurement accuracy (SMA, 2005) 
DC/AC Inaccuracy of current Inaccuracy of Inaccuracy of power 
measurements' voltage measurements2 
measurements' 
DC ±4% ±2% ±6% 
AC ±2% ±1% ±3% 
1 The inaccuracy is referred to as'maximal failure' in the technical documentation and based only 
on a temperature of 25 °C 
2 Calculated according to error analysis theory by addition of the current and voltage inaccuracies 
It has been anecdotally reported within the PV research community that the DC 
current measurements made by SMA inverters may be inferred from other 
measurements rather than measured directly. There is no reference in the 
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literature and it has not been possible to find out from the manufacturer the exact 
nature of the DC current sensor in SMA inverters. This effect, if present, could in 
part explain the inaccuracy in the DC power measurements. 
3.2.5 Data collection and data transfer 
Data collection, the process of reading the measurements made by the sensors 
and recording the measured values, was carried out by the data loggers, electronic 
equipment designed specifically for this purpose. Different approaches were taken 
to data collection on the five sites (Table 3-7). Two types of data loggers were 
used: Sunny Boy Control Plus (SBC+) units manufactured by SMA, the inverter 
manufacturer (SMA, 2005); and systems based on a personal computer (PC). A 
consequence of the difference in the monitoring system design was the variation in 
the sampling rate at the sites, from around 10 to 60 seconds. 
Table 3-7: Design of the monitoring systems 
Site Solar Number of In. Number of PV Data Number Sampling 
radiation plane module loggers of phone rate 
sensor irradiance temperature lines (seconds) 
model measurements measurements 
persite1 persite1 
Corncroft EETS 11 One 1 60 
SBC+, 
one PC 
Heron Sensol 22 Eight 8 -10 
Close SBC+ 
Panmure Sensol 11 Three 1 =10 
Street SBC+ 
Newbiggin EETS 33 PC 1 tt 60 
Hall (estimate)2 
Ashley Sensol 44 Six SBC+ 0 =10 
Vale 
I In-plane irradiance and PV module temperature is measured for each group of arrays on a site 
with a different orientation 
2 This figure is an estimate as no direct access to the monitoring PC was provided at this site 
The stored data was transferred to a central off-site PC on a regular basis. The 
data loggers were connected to the public telephone network using modems and 
the collected data was regularly downloaded. Laplink software (Laplink, 2005) was 
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used for the PC data transfer and SMA Sunny Data Control software for the SBC+ 
sites. The latter process was automated with routines written by the author in 
Macro Scheduler (Mjtnet, 2005). 
The SMA SBC+ unit is a data logger designed for monitoring PV systems (Figure 
3-10). The sensors were connected directly to the SBC+ unit and the SBC+ read 
and stored the sensor outputs. Each SBC+ unit monitored a maximum of four 
houses because there was a limit on the number of channels available for the 
import and export data. Because of the small number of inverters connected to 
each SBC+, the sampling rate was fast (around 10 seconds). The Heron Close, 
Panmure Street and Ashley Vale monitoring systems used only SBC+ units. The 
number of SBC+ units depended on the total number of systems to be monitored. 
At Heron Close, each SBC+ was connected to a modem and a phone line to 
transfer the data off site. The SBC+ units at Panmure Street were networked 
together and connected to a single modem and phone line for data collection. At 
Ashley Vale the data was collected by personnel on-site. 
Corncroft and Newbiggin Hall used PCs to support the data collection. A PC was 
used to record and store the measured parameters, and was connected to a single 
modem and phone line for data transfer (Figure 3-11). At Corncroft a single SBC+ 
unit was used to monitor the AC and DC measured parameters and the data was 
transferred to the PC daily. At Newbiggin Hall all the measured parameters were 
recorded directly by the PC. In both cases the sampling rate was slow (at around 
60 seconds or greater) for all the measured parameters as the monitoring systems 
had to cycle through each of the PV systems. This sampling rate was outside the 
DFT monitoring specification for some of measured parameters and the 




Figure 3-10: A Sunny Boy Control Plus Figure 3-11: PC monitoring system at Corncroft 
(SBC+) data logger installed at Ashley 
Vale 
3.3. Programming for data processing and analysis 
3.3.1 Format of raw data 
The data recorded at the PV sites was in a variety of formats (Table 3-8 and Figure 
3-12). The raw data files varied in length from a single day to a month and different 
measured parameters were recorded in separate data files. The raw data was 
processed to convert all the data into a series of standard file formats. The 
processed data could then be easily accessed and used in data analysis 
procedures. 
An automated method of data processing was necessary because of the large 
amount of data collected by the monitoring systems (due to the number of 
measured quantities, the number of houses under study and the duration of the 
monitoring programme). The size of the datasets in this study can be simply 
illustrated with the following example. Over a 12 month period a measured 
parameter recorded every 5 minutes will generate 105,120 data values. At the 
Corncroft site 22 houses were monitored, each with up to eight different 
parameters, so approximately 18.5 million data values were recorded to describe 
the PV systems' behaviour for one year. 
-40- 
Table 3-8: Format of raw data files 
Site Raw data files created 
Corncroft PV temperature: one text file per day 
Other parameters: one Excel file per month 
Heron Close All parameters: eight Excel files per month 
Panmure Street All parameters: three Excel files per month 
Newbiggin Hall Meteorological parameters: three text files per day 
Other parameters: one Excel file per day 
Ashley Vale All parameters: six Excel files per month 
Edit Format Help 
)8'05,00: 00: 00.0.20,0.19,12.00,10.60,9,0 
)8/05,00: 05: 00,0.19,0.18,12.00,10.80,4,0 
)8/05,00: 10: 00, (j. 20,0.19,12.00,11.00,4,0 
)8/05,00: 15: 00,0.20,0.19,11.90,11.30,3,0 
)8/05,00: 20: 00,0.20,0.19,11.80,11.30,4,0 
)8/05,00: 25: 00,0.20,0.19,11.80,11.30,4,0 
)8/05,00: 30: 00,0.20,0.19,11.70,11.00,3,0 
)8/05,00: 35: 00,0.20,0.19,11.70,11.00,11,0 
18/05,00: 40: 00,0.20,0.19,11.60,10.80,14,0 
)8/05,00: 45: 00,0.20,0.19,11.60,10.80,13,0 
18/05,00: 50: 00,0.20,0.19,11.50,10.60,13,0 
)8/05,00: 55: 00,0.20,0.19,11.50,10.30,12,0 
)8/05,01: 00: 00,0.20,0.19,11.50,10.10,13,0 
)8/05,01: 05: 00,0.20,0.19,11.50,10.10,12,0 
)8/05,01: 10: 00,0.20,0.19,11.50,9.80,12,0 
)8/05,01: 15: 00,0.20,0.19,11.40,9.80,12,0 
)8/05,01: 20: 00,0.20,0.19,11.30,9.60,12,0 
)8/05,01: 25: 00,0.20,0.19,11.10,9.30,12,0 
)8/05,01: 30: 00,0.20,0.19,11.00,9.10,4,0 
)8/05,01: 35: 00,0.20,0.19,11.00,8.90,3,0 
)8/05,01: 40: 00,0.20,0.19,11.00,8.90,4,0 
)8/05,01: 45: 00,0.20,0.19,11.20,9.10,4,0 
)8/05,01: 50: 00,0.20,0.19,11.10,9.30,4,0 
)8/05,01: 55: 00,0.20,0.19,10.90,9.10,3,0 
)8/05,02: 00: 00,0.20,0.19,10.90,8.90,7,0 
18/05,02: 05: 00,0.20,0.19,10.80,8.60,14,0 
18/05,02: 10: 00,0.20,0.19,10.80,8.60,13,0 
18/05,02: 15: 00,0.20,0.19,10.80,8.40,12,0 
)8/05,02: 20: 00,0.20,0.19,10.70,8.10,12,0 
18/05,02: 25: 00,0.20,0.19,10.60,8.10,13,0 
)8/05,02: 30: 00,0.20,0.19,10.40,8.10,12,0 
)8/05,02: 35: 00,0.20,0.19,10.50,7.90.11,0 
)8/05,02: 40: 00,0.20,0.19,10.40,7.90,11,0 
)8/05,02: 45: 00,0.20,0.19,10.40,7.70,12,0 
)8/05,02: 50: 00,0.20,0.19,10.40,7.40,12,0 
)8/05,02: 55: 00,0.20,0.19,10.30,7.40,12,0 
)8/05,03: 00: 00,0.20,0.19,10.20,7.20,3,0 
)8/05,03: 05: 00,0.20,0.19,10.10,7.20,4,0 
)8/05,03: 10: 00,0.20,0.19,10.10,7.40,3,0 
)8/05,03: 15: 00,0.20,0.19,10.10,7.40,4,0 
)8/05,03: 20: 00,0.20,0.19,10.20,7.70,4,0 
)8/05,03: 25: 00,0.20,0.19,10.20,7.90,3,0 
)8/05,03: 30: 00,0.20,0.19,10.30,7.90,5,0 
)8/05,03: 35: 00,0.20,0.19,10.30,7.90,13,0 
)8/05,03: 40: 00,0.20,0.19,10.30,7.70,13,0 
)8/05,03: 45: 00,0.20,0.19,10.20,7.70,12,0 
38/05,03: 50: 00,0.20,0.19,10.10,7.70,12,0 
)8/05,03: 55: 00,0.20,0.19,10.10,7.70,12,0 
)8/05,04: 00: 00,0.20,0.19,10.30,7.70,12,0 
)8/05,04: 05: 00,0.20,0.19,10.40,7.70,12,0 
Figure 3-12: Sample text file containing radiation and temperature data for one day at 
Newbiggin Hall. Each row represents a new set of five minute values. 
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To begin with macros within Excel (Microsoft, 2005) were written to process the 
raw data, based on the Visual Basic for Applications (VBA) language. The macros 
placed the raw data for each site and for each month into a spreadsheet. The 
spreadsheets were used to check the data, produce monthly summary graphs and 
to provide a method of accessing the data for the performance analysis 
procedures. An advantage of using Excel was that the programming code could be 
easily shared as no specialist software was required. However the data processing 
within Excel was slow and complex and, as the amount of monitored data grew, it 
was decided to use IDL (RSI, 2005), a sophisticated data analysis software 
package. IDL, with its ability to manipulate large amounts of data, was more suited 
to the large data files that were being generated. 
3.3.2 Data organisation 
The method used to store and access the data required careful consideration. 
Following experimentation with a number of methods, it was decided to store the 
data from each measured parameter in separate data files (Figure 3-13). The files 
were scalar (one dimensional), with a length equal to the number of time intervals 
recorded and with values of the measured parameter. For example, one of the files 
contained all the recorded values of ambient air temperature at the Corncroft site 
throughout the monitoring period. Another file contained the equivalent PV module 
temperature values. 
In addition to the measured parameter files, a date and time file and sun position 
files were created. The data and time file contained date and time values at five 
minute steps for the entire recording period. The dates and times within this file 
were used as time stamps for the other data files. The sun position was used in the 
performance analysis techniques and was calculated using the methods given in 
Appendix A. 1. 
The creation and layout of data files was repeated for each of the five PV sites. 
The data files were saved as a sav file, a format used within IDL, and the data 
could be easily accessed for further work. For example, the DC energy recorded 
for house 6 at Corncroft for the whole monitoring period was saved as 
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Figure 3-13: Directory layout of measured and calculated parameters for Corncroft 
3.3.3 Data analysis procedures 
Excel was also used for the initial analysis of the monitored data. However it soon 
became apparent that the quantity of data was beyond its capability. One 
immediate limitation was that around 65,000 rows were available in a worksheet 
and so it was only possible to store about 8 months of five minute interval data 
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within a single sheet. Most PV data analysis is done over periods of a year or 
greater which would involve splitting the datasets over worksheets or workbooks, 
which would complicate further analysis. The second major limitation of 
spreadsheet programmes is that they are not suitable for applying mathematical 
techniques (such as histograms and fitting curves) or visual techniques (graphs 
and plots) to very large data sets. Any complicated mathematical transformations 
of the data involved saving each step of the process within the spreadsheets. This 
increased the memory required and the processing time became large. To apply a 
complex mathematical transformation process over a 12 month data set (105,120 
five minute intervals) for a number of data sets (for example 30 PV systems on a 
site) using Excel was impractical. Spreadsheet graphical techniques were similarly 
problematic due to the length and number of data sets involved. 
IDL was well suited to this task as it was adept at both handling very large data 
sets and producing complex graphical representations of data. The size of the 
datasets that could be used was limited only by the size and power of the 
processing machine which the software ran on. In addition, the graphical output 
from IDL was exclusively controlled by the user and almost any type, shape or 
format of plots were possible. 
The majority of the subsequent data analysis described in this thesis is based on a 
simple process, described by the following four steps: 
1. Selecting the required data 
2. Performing some processing or transformation on the data 
3. Plotting the results on a graph (optional) 
4. Saving the results for further analysis (optional) 
A variety of data analysis tasks could be carried out using this process (Table 3-9). 
The date and time file was used to select certain time periods for analysis if 
required (for example a particular month or year). Mathematical transformations 
and other data processing were carried out on the data as required by the aims of 
the analysis. The results were then output as graphs for visual inspection and 
inclusion in reports or saved as data files for further analysis. 
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Table 3-9: Examples of simple IDL data processing routines 
Aim Data files imported 
Data 
processing 
Graphical Data file 
output output 
Example I Plot of AC power Corncroft Select only data Plot on date 
for house 2 at date and occurring in and time vs. 
Corncroft against time file June 2002 power axes 
date and time for Corncroft June 2002 
power 2 AC 
energy file 
Example 2 Create annual Heron Close Select only data Plot a bar Output 
totals of DC energy date and occurring in chart on results to a 
generated by each time file 2004 house sav file for 
system at Heron All Heron Sum the DC number vs. further use Close in 2004 Close DC values for each energy axes 
power files house for the 
annual totals 
Example 3 Plot of five minute Corncroft Select only data Plot data 
system efficiency date and occurring in first points on in- 
for house 5 at time file year of plane 
Corncroft against Corncroft operation irradiance (x in-plane solar 
irradiance during house 5 in- Calculate the 
axis) versus 
system 




operation %mhtme frnm a)ds) graph Corncroft 
house 5 AC irradiance and AC data 
energy file 
3.4. Summary 
One outcome of the DFT programme was the generation of five minute interval 
monitored performance data from 109 PV systems. The methods of data 
measurement and collection have been described and the differences in the 
monitoring systems explained. One consequence of using PCs as data loggers at 
Corncroft and Newbiggin Hall was slow sampling times of 60 seconds or greater. 
At the other sites the data was sampled at 10 second intervals or less. 
The different forms of the raw data were manipulated so that the data from all the 
sites was stored in the same format. This prepared the data for analysis using the 
IDL software. Before analysis of the monitored data could begin, checks were 
made on the plausibility and quality of the recorded data. These checks are 
described in the next chapter. 
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4. Monitored Data: Quantity, Quality and 
Plausibility 
This chapter presents an overview of the amount, the quality and the 
plausibility of the data recorded using the methods described in Chapter 3. 
Knowledge of the quality and plausibility is essential in drawing meaningful 
result and conclusions from the monitored data. 
There were problems with the quality of the data recorded. The monitoring 
systems occasionally failed due to loss of power, failure of the data loggers, a 
break in the communications network or failure of the sensors. This caused periods 
of missing data in the datasets. The amount of missing data is quantified and the 
methodology developed for dealing with any periods of missing data is described. 
Some monitoring systems used more than one clock to time stamp the data sets. 
In some cases these clocks were not synchronised and data recorded at slightly 
different times was given the same date and time stamps. This causes difficulties 
for further data analysis. At Corncroft the DC power recorded at low irradiance 
levels was not correct and a step in DC power from zero to a fixed point is 
noticeable. There was also inherent inaccuracy in the measurements taken due to 
the accuracy of the sensors and the measurement of sensor output. The extent of 
the inaccuracy and the effect on further data analysis is considered. 
Data plausibility is an investigation of the monitored data to assess whether it is 
realistic and has expected patterns and trends. The solar radiation and 
temperature data was compared with measurements from nearby meteorological 
stations. The PV electrical output was compared with the expected maximum 
power output of the arrays. The assessment of the plausibility of the data provides 
confidence in the conclusions drawn from the datasets in Chapters 5 to 8. 
4.1. Datasets collected and missing data 
4.1.1 Quantity of data collected 
The installation of the PV systems and the start of the data monitoring period 
occurred at different dates for each site (Figure 4-1). Data recorded up to the end 
of July 2005 was used in the development of the performance analysis techniques 
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in this work. The Corncroft site was monitored for twenty six months and had 
completed its two year monitoring period. The remaining sites were still being 
monitored at the end of July 2005. Heron Close had eighteen months of data 
recorded, Panmure Street had fourteen months, Newbiggin Hall had twelve months 
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Figure 4-1: Data collection schedule and amount of data available by July 2005 
The analysis techniques were designed to investigate the annual performance of 
the PV systems and to quantify the annual energy losses. A full year of data was 
required and for this reason the data monitored at Ashley Vale was excluded from 
any further analysis. Data from the four other sites was considered in data analysis 
procedures described below and in Chapters 5,6 and 7. 
4.1.2 Date and time stamps 
The data from the five sites was recorded either in Greenwich Mean Time (GMT) 
or, one hour ahead, in British Summer Time (BST). As the sun position routines 
(Appendix A. 1) were based on GMT, and a consistent clock time would allow 
comparison between sites, all the data is converted to GMT. At some sites it was 
not possible to directly view the recording clock and determine if BST or GMT was 
being used, so an alternative method was developed. Taking Corncroft as an 
example, a plot of the horizontal irradiance measurements against time and date 
illustrated this method (Figure 4-2). Two lines representing sunrise and sunset 
times (GMT), and a further line for noon (GMT), are shown. Positive horizontal 
irradiance values should occur only between the sunrise and sunset times and 
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peak values will generally occur around noon. The horizontal irradiance at 
Corncroft had these characteristics, but an hour later than expected, indicating that 
the data was recorded as BST. All the Corncroft data was converted to GMT. At 
the other sites a mixture of GMT and BST recording was observed and similar date 
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Figure 4-2: Horizontal irradiance at Corncroft plotted on date and time axes. White space 
represents zero or missing data values. 
4.1.3 Correction of night time power output values 
The DC and AC power measurements were made whilst the inverter was operating 
and no measurements were recorded at night time. Throughout all the datasets the 
night time values of DC and AC power were recorded as missing data. To correct 
this, any night time readings of missing data in the DC or AC power datasets were 
converted to a value of zero, as the output from the PV system must be zero at 
night time. To establish when night time occurred two conditions were used: when 
the horizontal irradiance measurements were zero and when the elevation of the 
sun was below the horizon. This ensured that any day time missing data remained 
identified as such. 
4.1.4 Data screening 
During the monitoring, errors occurred due to faults in the sensors and the data 
loggers. Such errors were recorded in the data as large, negative or zero values. 
During or immediately after maintenance work negative values in the DC and AC 
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Jul Oct Jan Apr Jul Oct Jan Apr Jul 
2003 2004 
power measurements were often observed. Negative values were not possible as 
the PV arrays cannot draw power and their energy output must always be zero or 
greater. Occasionally the sensors produced no output signal and this was recorded 
as zeros. This was misleading as it suggested that the measured parameter was 
constantly at zero rather than that the sensor was not recording. Other faults in the 
monitoring caused blank spaces rather than numbers to be recorded. 
These errors were removed and a value of -9999 was chosen to represent missing 
data. All the error and blank measurements were converted to this value and the 
missing data was ignored in subsequent data analysis. Examples of the data 
screening for data recorded at the four sites are given in Appendix B. 2. 
At Newbiggin Hall there was an error in both the DC and AC measurements. At 
times, the measurements became fixed at a constant value over consecutive 
recording intervals (Figure 4-3). Periods of fixed, constant values in the DC and AC 
data were unexpected, as the DC and AC power is closely related to the in-plane 
irradiance which varies continuously. The measurement error was identified by 
selecting values which were constant for two or more recording intervals and the 
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Figure 4-3: In-plane Irradiance and AC power on 3rd August 2004 for a Newbiggin Hall PV 
system. This plot illustrates the constant values in the AC measurements. 
4.1.5 Missing data 
The data monitoring was a complex process of recording many quantities at high 
resolution over a long period of time. Inevitably in all the data sets there were 
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periods of missing data. The monitoring systems consisted of many components 
and these were subject to occasional failures. Loss of mains power, failure of the 
data loggers, a break in the communications network or sensor failure all 
contributed to periods when data was not recorded. The data screening process 
also contributed to the amount of missing data by removing any error values from 
the datasets. 
It is important to assess the amount of missing data present in the datasets 
because this could influence the results and the conclusions drawn. Taking the 
Corncroft site as an example, the daily percentages of missing data for all 
measured parameters for the entire recording period can be shown using a single 
plot (Figure 4-4). The amount of missing data in each day was calculated as a 
percentage of the total number of possible values recorded in the day (288 for a 
five minute recording interval). The percentages are calculated for each measured 
parameter and each day of the recording period. The percentage values are shown 
as bars of colour, corresponding to the values given by the legend at the bottom of 
the figure. As an example, a day with around 10% missing data (28 data values 
missing out of a possible 288) is shown as a thin blue bar and a day with around 
90% missing data is shown as a thin yellow bar. Where missing data occurs over 
several continuous days this appears as a continuous block of colour. 
In the Corncroft datasets there is a period of missing data, in December 2003 and 
January 2004, where no data was recorded on the site for around 20 days due to a 
malfunction in the on-site PC. This is shown in the temperature data sets as a 
100% daily missing data. For the other parameters this appears as around 35% 
daily missing data because, after the addition of zero values at night time, only the 
day time values are recorded as missing. There are occasional other instances of 
missing data, but these are minor. 
The five minute analysis presented in Chapters 6 and 7 utilised the recorded five 
minute values directly and excluded any occurrences of missing data. However 
missing data cannot be ignored when calculating the annual totals of the recorded 
data in Chapter 5. In the case of the Corncroft site, the total missing data was 
12.5% for the PV temperature data, 7.1 % for the ambient air temperature data and 
then around 1.9% for all other parameters. The low amount of missing data in the 
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irradiance, DC and AC power measurements was considered suitable for data 
analysis at the annual and five minute level. The missing data at the end of 2003 
may cause some difficulties for monthly or annual totals at that time, but as this 
occurs when the PV generation is at its minimum, the overall effect on annual 
totals will be small. The suitability of the data from the other PV sites, where in 
some cases missing data is much more prevalent, is discussed in Appendix B. 3. 
Horizontal irradiance 
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Figure 4-4: Daily percentage of missing data within the Corncroft datasets. The percentage 
of missing data on each day is indicated by the colour scale in the legend. White space 
indicates that there was no missing data. 
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2003 2004 
4.2. Data quality 
4.2.1 Clock drift 
Where several different clocks were used within the same monitoring system there 
was a possibility that the clocks would not all be synchronised to the same time. 
This creates problems when comparing measurements recorded using different 
clocks, especially at the five minutely level. For example, a comparison of five 
minutely interval values of AC power output to in-plane solar irradiance becomes 
meaningless if there was a two minute disparity between the clocks used to 
measure the parameters. Irradiance, DC power and AC power in PV systems could 
change rapidly and they needed to be measured accurately. The clock differences 
did not influence daily, monthly or annual totals of the recorded data and analysis 
with these totals can continue unaffected. 
The problem of different clock times was present at Heron Close and Panmure 
Street. These sites all use multiple SBC+ units, each with their own clock. Although 
the clocks were synchronised at the start of the monitoring periods, they drifted 
apart as the monitoring progressed. The largest difference between clocks was a 
seven minute difference at Heron Close which occurred seven months into the 
monitoring period. The drift did not affect the data from SBC+ units which recorded 
both meteorological parameters and performance data. However the data from the 
SBC+ units which recorded only performance data, and used the meteorological 
data from other SBC+ units, was affected. As the data was recorded at five minute 
intervals, a drift of a few minutes would render the data unusable. 
The problem has since been corrected by regularly checking the clocks on these 
sites and synchronising the clocks if necessary. At Heron Close the data recorded 
from February 2004 (the start of the monitoring period) to September 2004 is 
affected. The implications are that, within this time period, comparisons between 
in-plane irradiance and AC power output can only be made for five Heron Close 
systems, those in which the meteorological and system performance data were 
recorded by the same SBC+ unit. 
4.2.2 Orientation of radiation sensors 
A further difficulty in comparing irradiance to power output of the PV systems was 
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the orientation of the in-plane radiation sensors. This issue affected the data 
monitored at Heron Close because the PV arrays have five different orientations 
but only two in-plane radiation sensors were used. For example, one radiation 
sensor was mounted on a block of properties with orientation of 20° and was used 
to measure the irradiance for the four PV systems on the block. A similar block of 
properties at orientation of 40° was without a radiation sensor and the irradiance 
measurements made at 20° were used instead. The difference in orientation had 
little effect on analysis over large recording intervals (for example hourly or daily). 
However the effect on five minute analysis was significant and rendered the 
comparison of irradiance and AC power output impractical. At Newbiggin Hall, the 
other site with multiple PV array orientations (Table 3-2), an in-plane radiation 
sensor was used for each orientation. 
4.2.3 Low DC power measurement 
The DC power measurements at the Corncroft site showed an irregularity at low 
levels of in-plane irradiance. Whilst the DC power output was zero at zero 
irradiance, as soon as the irradiance becomes non-zero there was a step change 
in the measured DC power output (Figure 4-5). There were a number of such steps 
up to a DC output of 100 W. Below irradiance levels of 50 W/m2 the DC power 
converged to one of the discrete values. In contrast the DC power output at Heron 
Close showed a smooth rise from zero at zero irradiance as expected. 
Investigation of the low DC power readings at Corncroft revealed that DC power 
steps were caused by step change of the measured current from the PV arrays. In 
further analysis of the DC power output at Comcroft, values recorded at low 
irradiance (less than 100 W/m2) were excluded to remove the effect of the discrete 
step changes. 
The error at low DC power was not present at Newbiggin Hall which used the same 
make. of PV modules as Corncroft. This suggested that the error was caused either 
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Figure 4-5: DC power measurements at low Irradiance levels for a Comcroft and Heron Close 
PV system. 
4.2.4 Measurement inaccuracy 
All measurements contain a certain level of inaccuracy. In this study the majority of 
the inaccuracy within the data was considered to be caused by two reasons. Firstly 
there was the inaccuracy of the sensors themselves, as discussed in Section 3.2. 
The second reason was the sampling time used by the monitoring systems. The 
recorded data was not, the instantaneous measurements made by the sensors but 
five minute averages of sensor readings. As an example, the horizontal solar 
irradiance was sampled at a sixty second intervs l at Corncroft and the average of 
the readings over five minutes was recorded. However if the five readings were 
made when the irradiance was relatively low and during the intervening time the 
irradiance was high (this scenario is possible due the variable nature of solar 
radiation) then the average value recorded would be too low. The same 
measurement made by the Heron Close monitoring system, with a ten second 
sampling rate, would record an average irradiance value closer to the true value. 
Slow sampling rates were present at Corncroft and Newbiggin Hall and may cause 
a relatively higher level of measurement inaccuracy at these sites. However the 
effect of the slow sampling at Corncroft and Newbiggin Hall is difficult to quantify. 
Measurements taken at a system at Newbiggin 111all on the 1St and 2nd August 2004 
provide an example of the possible measurement inaccuracy (Figure 4-6). The 
system efficiency is not expected to rise above the module rated efficiency, but on 
2nd August this happened repeatedly. Closer inspection of the in-plane irradiance 
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In-plane Irradiance (W/m') 
and AC power measurements on this day revealed that they did not always appear 
to rise and fall at the same time as expected since AC power output is 
approximately proportional to the in-plane irradiance. This resulted in the 
improbably high system efficiencies (as well as occurrences of low values) and 
may be an effect of the slow sampling interval at Newbiggin Hall. The effect was 
not continuous and is not seen in the 1st August measurements. The implications of 
this measurement error for the analysis of the Newbiggin Hall data are discussed in 
Section 5.2.2. 
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Figure 4-6: Data for a Newbiggin Hall system on 1`t and 2nd August 2004. The upper plot 
shows in-plane irradiance and AC power plotted against time and date. The lower plot shows 
system efficiency vs. time of day. 
4.3. Data plausibility 
4.3.1 Definition 
In this thesis data plausibility testing means the comparison of the actual monitored 
data to the expected value. In many situations the monitored data should follow 
trends or rules according to the type of measurement being recorded. For example, 
it is expected that solar radiation measurements are generally at a maximum 
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around noon, with greater peaks in summer than in winter and zero at night time. If 
the recorded data follows the expected trend then it can be considered plausible, 
or realistic. This is an important part of establishing confidence in the datasets 
before using them to develop results and conclusions. 
The plausibility of a dataset can be assessed in one of three ways: comparison 
with expected results from references and models; comparison with another 
dataset recorded on site; and comparison to an external independent source of 
data. This section investigates the plausibility of the datasets recorded at the five 
sites and provides examples of potentially unrealistic values. The plausibility of the 
DC and AC power measurements are not considered in this chapter as these 
measurements were studied in detail in Chapters 5 and 6. This later analysis 
highlighted some implausible values within the DC and AC datasets. 
4.3.2 Horizontal irradiance 
Solar radiation had both seasonal (time of year) and diurnal (time of day) trends 
but the five minute interval values were highly variable. The best method of 
checking the plausibility of the irradiance measurements was to make a 
comparison with an external, independent source of measurements. Such a source 
was not always available so this method could not be applied in every case. An 
external source of horizontal irradiation measurements was found for comparison 
with the Corncroft site data from the Geography Department at Loughborough 
University (LUMetS, 2005), a distance of about 8 miles from the Corncroft site. The 
Loughborough University data was recorded at hourly intervals using a 
pyranometer15 and the Corncroft data was averaged over hourly intervals to allow 
comparison between the two datasets. 
Daily totals of horizontal irradiation for the Corncroft and Loughborough University 
sites from June 2002 to April 2003 show similarity throughout the time period 
(Figure 4-7). Direct comparison of the hourly data showed a strong similarity on 
clear days but some differences on days with passing cloud (Figure 4-8). Although 
15 A pyranometer is a solar radiation measurement instrument which uses a thermopile to measure the 
difference in heating of a black surface (which absorbs most of the solar radiation) and a white surface 
(which reflects most of the solar radiation). 
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the two locations are only 8 miles apart and the climates are similar, there will be 
variation in the amount of cloud cover between the two sites and this will cause 
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Figure 4-7: Daily totals of horizontal solar irradiation measurements recorded by Corncroft 
and Loughborough University 
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Figure 4-8: Horizontal irradiance measurements recorded by Corncroft and Loughborough 
University for two days in June 2002 (hourly data) 
4.3.3 In-plane irradiance 
External independent measurements to compare with the in-plane solar radiation 
are more difficult to source (external data needs to be measured with the same 
azimuth and inclination to be useful for comparison and such external 
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measurements are unlikely to be found). A more practical method of assessing the 
plausibility of the in-plane solar irradiation measurements was to compare them to 
other data recorded at the site. As a simple example, comparison of the horizontal 
and in-plane irradiance data on a clear day at Corncroft shows that the in-plane 
measurements reached a higher maximum value (Figure 4-9). The in-plane 
irradiance was higher because it was more normal to the direct solar radiation. As 
the in-plane sensor had an orientation of 15° west of due south, the peak in the in- 
plane irradiance occurred about an hour later than noon. Both sets of data 
contained the same fine grained irradiance variation (due to passing clouds). The 
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Figure 4-9: Horizontal and in-plane solar irradiance on 30"' May 2003 at Corncroft (five 
minute data) 
At Panmure Street comparisons of this type revealed that the in-plane radiation 
sensors were shaded by nearby buildings and the data recorded in the winter 
months was not reliable. Assessment of the duration and effects of this shading is 
given in Appendix B. 4.1. 
4.3.4 Ambient air temperature 
As with solar radiation, ambient air temperature had seasonal and diurnal trends 
but its exact value was determined by local weather conditions. An external source 
of measurements was found for Corncroft and Heron Close from meteorological 
stations (MET stations) run by the Meteorological Office (Met Office, 2005). The 
MET stations are located throughout the UK and monthly data are available. The 
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monthly mean maximum and minimum temperatures16 show similarity between the 
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Figure 4-10: Ambient air temperature measurements at Comcroft and Heron Close during 
the first year of operation compared to nearby Meteorological Office stations 
4.3.5 PV module temperature 
Nordmann and Clavadetscher studied the rise in PV module temperature 
compared to ambient air temperature for eighteen European grid-connected PV 
systems which had a variety of mounting methods (Nordmann and Clavadetscher, 
2003). They showed that PV module temperatures can rise from 20 °C to 50 °C 
above ambient air temperatures at in-plane irradiances of 1000 W/m2. Plots of the 
PV module temperature rise above ambient against the in-plane irradiance for 
Corncroft and Heron Close show how the monitored data compared to Nordmann 
and Clavadetscher study (Figure 4-11). PV module temperature elevations at 
Corncroft and for the second set of Heron Close temperature measurements 
matched the results of the study and were considered realistic. However for the 
first set of Heron Close measurements, the rise above ambient temperature at 
1000 W/m2 was low. It was felt that the data could not be used with confidence, 
16 The monthly mean maximum temperature is the average of the maximum temperature recorded on each 




perhaps because the sensor had become detached from the back of the PV 
module and was measuring the air temperature in the gap between the PV 
modules and the roof rather than the module temperature itself. This set of 
temperature measurements was not used in further analysis in this work and the 
second set of Heron Close PV module temperatures were substituted in their 
place". Similar examples for the Panmure Street and Newbiggin Hall PV module 
temperature data is given in Appendix B. 4.2. 
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Figure 4-11: PV module temperature rise above ambient vs. In-plane irradiance for first year 
of operation at Corncroft and Heron Close (hourly data) 
4.4. Summary 
This chapter reviewed the quantity, quality and plausibility of the monitored data. 
The data from each site was assessed for its suitability in further data analysis 
(Table 4-1). The main issues with the monitored data were: 
" The Ashley Vale site was not used in the performance analysis as less than a 
year of monitored data had been collected at the time of writing this thesis 
(Section 4.1.1) 
" Many of the Heron Close PV systems had to be excluded from the analysis due 
17 This substitution was considered acceptable because the PV module temperature has a significantly lower 
impact than irradiance on PV system performance. Throughout this work a single PV module temperature 
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to clock differences (Section 4.2.1), orientations which differed from that of the 
radiation sensors (Section 4.2.2) and missing data (Appendix B. 3. ) 
" The DC and AC measurement error at Newbiggin Hall may result in unreliable 
results from the data (Section 4.1.4). 
" The slow sampling rate (60 seconds or greater) at Corncroft and Newbiggin Hall 
may cause difficulties in analysing the data at the five minute level (Section 
4.2.4) 
" Shading of the radiation sensors in winter at Panmure Street meant the affected 
data was excluded from the five minute data analysis (Appendix B. 4.1) 
" The first set of PV module temperature data at Heron Close was not recorded 
correctly and was not used in later analysis (Section 4.3.5) 
The analysis of the quality and plausibility of the data highlights the importance of 
monitoring system design on the recorded data. In addition to the measurement 
inaccuracies of the sensors, the quality of the data is influenced by missing data, 
clock drift, measurement error and slow sampling intervals. In particular the 
sampling interval has a strong impact in PV monitoring, due to the highly variable 
nature of the solar irradiance. 
This chapter demonstrated the importance of undertaking quality and plausibility 
tests before using the data in analysis. The next chapter discusses the annual 
performance of the PV systems and the initial steps of the analysis of the five 
minutely performance data. 
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Table 4-1: Quality assessment of data sets 
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5. PV System Operation: Annual and Five 
Minutely Analysis 
This chapter introduces annual and five minutely analysis of-the monitored 
PV system performance data described in Chapters 3 and 4. This initial 
analysis provides the foundation for developing the new PV system 
monitoring techniques, the main aim of this study. For the four PV sites, annual 
results are investigated by considering the first twelve months of operation at three 
sites and the first twenty four months of operation at one site. These annual results 
are compared to reported values in previous studies and are used to determine 
which PV systems are performing poorly. 
The five minutely recorded data provides a more detailed, near real time picture of 
the performance of the monitored PV systems. The basic analysis technique is to 
compare the five minutely values of in-plane solar irradiance to the five minutely 
values of system efficiency. This shows, for each five minute period of operation, 
how well the PV system converts the sunlight it receives into useful electrical 
energy. The analysis demonstrates the additional detail provided by five minutely 
recorded data in comparison with analysis based on half hourly or hourly data. It 
also illustrates how such a high level of detail could be exploited to yield an 
improved understanding of PV system performance. 
In Chapter 2 PV system operation was separated into two states: normal operation 
and faults. Normal operation represents times when the PV system is working well 
with high efficiencies within an expected range. Faults are times of unexpected low 
efficiencies. A technique to identify the 'normal operation and faults of PV systems 
using five minutely recorded data is developed. New PV system monitoring 
techniques are developed for the two states of PV system operation separately in 
Chapters 6 and 7. 
5.1. Analysis of annual results 
5.1.1 Site results 
Annual results were calculated for the four PV sites: Corncroft, Heron Close, 
Panmure Street and Newbiggin Hall (Table 5-1). The results from the first year of 
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operation at each site are given and also the second year at Corncroft (as the site 
was monitored for more than two years). The dates of the monitoring period, the 
number of the system monitored and the annual totals of horizontal and in-plane 
irradiation are shown. The PV system performance is described using annual totals 
of DC and AC energy yield and four calculated annual performance indicators: final 
yield's; performance ratio; system efficiency; and inverter efficiency19. Performance 
ratio and system efficiency were defined in Section 2.1.1. For each site, the mean, 
standard deviation and range (from minimum to maximum) values are given for the 
six annual energy yields and performance indicators. Individual system results are 
shown in Appendix C. 1. 
A rough benchmark for annual performance ratios of recently installed PV systems 
was developed in Section 2.1.2. This stated that for a group of PV systems, 
installed in the late 1990s, an average annual performance ratio of around 70% 
was expected (for well operating systems), with the highest values of individual 
annual performance ratio around 85%. The average annual performance ratio 
values for Corncroft (76% and 73%) and Newbiggin Hall (77%) compared well to 
this benchmark and the systems may be said to be performing well. The average 
annual performance ratios at Heron Close (60%) and Panmure Street (67%) were 
lower than the benchmark value which suggests the systems were not operating as 
well as expected. 
18 Final yield is defined as the AC energy output from the inverter normalised by the system rating (in 
kWhlkWp). Final yield is useful for comparing the AC energy output from systems of different ratings. 
19 Inverter efficiency is the ratio of AC energy output from the inverter to DC energy input to the inverter 
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The inverter efficiency values at Comcroft (83% and 84%) are lower than for the 
other sites (from 89% to 90%). The inverters were oversized at Corncroft and the 
low annual inverter efficiencies may be caused by the inverter operating in the 
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lower part of its efficiency curve for prolonged periods. The other sites had slightly 
undersized inverters which would therefore tend to operate at greater efficiencies 
throughout the year. Inverter efficiency curves are discussed further in Section 
6.2.3. 
5.1.2 Performance ratio distributions 
The variation of performance ratios at each site was investigated by considering 
the frequency distributions obtained by placing the performance ratio values into 
bins of 2.5% (Figure 5-1). This clearly highlighted the differences in performance 
between the sites. At Corncroft the majority of systems had annual performance 
ratios from 67.5% to 82.5%. One system was below this range in the first year of 
monitoring and three systems in the second year. 
At Newbiggin Hall most of systems had similar performance to those at Corncroft 
with annual performance ratios from 62.5% to 80%. There were six systems with 
very high performance ratios at Newbiggin Hall (85% to 90%) which exceed the 
maximum benchmark value of 85%. These systems faced west whilst the other 
Newbiggin Hall systems all faced east or south. The efficiency of the west facing 
systems was higher at low irradiance than the other systems and a possible 
explanation for the high performance ratios is that the inverters were recording the 
power measurements above their true value. The west facing systems had 
inverters with high ratings (1700 W and 2500 W) compared to the inverters of the 
other systems (850 W and 1100 W). 
Panmure Street had most of its annual performance ratios from 62.5% to 77.5%, a 
similar range to Newbiggin Hall, and two systems with low performance ratios. 
Heron Close had generally poorer performance than the other sites, with the. 
majority of systems within a large range of annual performance ratios from 50% to 
77.5%. There was one system at Heron Close with a low annual performance ratio 
of 29%. 
The annual results show which systems and which sites perform better than 
others. Many of the systems had low performance ratios lower than 60% and the 
reasons for this cannot be determined by annual analysis. In order to improve the 
performance of the systems, and the design of future PV installations, it is essential 
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to understand why these differences in performance occur. The annual analysis 
does not provide sufficient information on which to make recommendations for 
future system designs. Analysis of monitored data at a higher resolution (such as 
five minutely, half hourly or hourly) can provide this level of understanding and an 
initial study of the five minutely data from the monitored PV systems is described in 
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Figure 5-1: Distribution of annual performance ratios at each site. The system annual 
performance ratios are placed into bins of 2.5%. 
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5.2. Performance at the five minutely level 
5.2.1 PV module efficiency curves 
The initial analysis of the monitored data at the five minutely level is based on the 
relationship of in-plane irradiance to system efficiency. System efficiency is 
primarily influenced by the PV module efficiency, defined as the ratio of the DC 
energy output from the PV array to the solar irradiation received by the array. Four 
studies which describe PV module efficiency for a range of PV modules are 
reported by Gxasheka et al. (Gxasheka, 2005), Stamenic et al. (Stamenic et al., 
2004), Eikelboom and Jansen (Eikelboom and Jansen, 2000) and Bucher and 
Kunzelmann (Bucher and Kunzelmann, 1998). For crystalline silicon PV modules, 
the PV module efficiency rises from zero at zero irradiance to a near constant 
value at irradiances above around 500 W/m2. The curve described by the 
relationship of PV module efficiency to in-plane solar irradiance is known as the PV 
module efficiency curve. At STC20, typical rated PV module efficiencies range from 






Figure 5-2: Examples of crystalline silicon PV module efficiency curves for three PV modules 
(reproduced from Bucher and Kunzelmann, 1998). 
20 STC is defined in Section 2.1.1 
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5.2.2 Efficiency to irradiance relationship at the five minute level 
Plots of the measured five minutely in-plane solar irradiance against the system 
efficiency values produced a boomerang-shaped cloud of points (Figure 5-3). One 
system from each site is shown and the titles of the plots are the two letter 
acronym of the site (CC for Corncroft; HC for Heron Close; PS for Panmure Street 
and NB for Newbiggin Hall) and the system number (which starts at zero). For 
Corncroft, which recorded over two years data, the suffix 'Y1' denotes that the data 
is from the first year of operation. The PV systems chosen are well operating 
systems with a high annual performance ratio. Plots for all the monitored PV 
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Figure 5-3: In-plane irradiance to system efficiency relationship for four sample PV systems 
in this study 
The irradiance to efficiency relationship at the Corncroft, Heron Close and 
Panmure Street produces a boomerang-shaped cloud of points. The shape of this 
cloud was similar to the general shape of the PV module efficiency curves in Figure 
5-2. The efficiency was zero at zero irradiance and rose steeply to a relatively 
constant value at irradiance above 300 to 500 W/m2. At Corncroft there was an 
unexpected rise in efficiency at irradiance close to zero, assumed to be caused by 
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measurement error at the low irradiance and power levels (Section 4.2.3). The 
system efficiency values formed a cloud of points due to the losses that occur in 
normal operation: the operational losses described in Section 2.2.1. At a particular 
level of irradiance, the system efficiency may be high or low depending on the 
operation losses. For example, high temperatures or high MPP tracking loss will 
reduce the system efficiency to the lower boundary of the cloud of points (the effect 
of the operational losses are discussed in detail in Chapter 6). A similar plot can be 
seen for a single PV system in the study by Kiefer et al. (Kiefer et al., 1995) which 
is based on one minute data. Oozeki et al. (Oozeki et al., 2003) also show this 
effect but instead use hourly data and AC power output rather than system 
efficiency. 
At Newbiggin Hall the system irradiance to efficiency relationship was less clearly 
defined and the cloud of points much more dispersed. Due to intrinsic losses 
during operation, the monitored system efficiency values should be lower than the 
rated PV module efficiency (13.4% at Newbiggin Hall) but there were many 
efficiency values above this figure. This suggests the data at Newbiggin Hall was 
unreliable, possibly caused by the slow sampling time (discussed in Section 3.2.5). 
The removal of values suffering from the DC and AC measurement error (Section 
4.1.4) may have been incomplete and also contribute the errors in the data. One 
method of using the Newbiggin Hall data is to analyse half hourly averaged values 
rather then five minute values (Figure 5-4). Whilst error values still remained in the 
half hourly data, a cloud of points similar to that seen at the other sites was more 
clearly visible. There are however still many points above the maximum feasible 
efficiency of 13.4%. The analysis in this work only considers five minute data and 
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Figure 5-4: Half hourly In-plane irradiance to system efficiency relationship for System 0 at 
Newbiggin Hall 
5.2.3 Explaining the variation in normal operation 
The assertion in this work is that the dense cloud of points seen in the system 
irradiance to efficiency relationship represents the normal operation of the PV 
systems. The system efficiencies which lie within the boomerang shaped cloud 
were thus assumed to be indicative of a well operating PV system and not caused 
by faults. The reason for a cloud of points rather than a single line is due to the 
energy losses in normal operation: deviation from STC; mismatch; DC wiring; 
maximum power point tracking; temperature; and inverter DC to AC conversion 
(Section 2.2.2). Specifically the cloud of points is- caused by variations in the 
energy losses for similar irradiance levels and this is thought be primarily 
determined by the mismatch, inverter MPP tracking and temperature losses. The 
other normal operation losses of deviation from STC, DC wiring and inverter DC to 
AC conversion are considered to be approximately constant for specific irradiance 
levels. 
At Heron Close System 4 (HC 4) the reduction in efficiency from the top to the 
bottom of the cloud of points ranges from approximately 0.04 at irradiance of 250 
W/m2 to 0.015 at irradiance of 1000 W/m2 (Figure 5-3). This variation can be 
compared to the results of previous studies. The combined totals of the mismatch, 
inverter MPP tracking and temperature losses for the four previous studies 
discussed in Section 2.2.2 range from a 8.9% to 18.7% performance ratio percent 
reduction in annual performance ratios (Table 5-2). For Heron Close System 4 (HC 
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4) with a rated efficiency of 0.123 this represents a 0.011 to 0.023 reduction in 
annual system efficiency. This reduction in annual efficiency can be thought of as 
the average efficiency reduction throughout the monitoring period. Assuming the 
average efficiency reduction in the measured five minutely values is approximately 
half that of the maximum reduction, the average efficiency reductions in the cloud 
of points at HC4 ranges from approximately 0.020 at irradiance of 250 W/m2 to 
0.0075 at irradiance of 1000 W/m2. These figures are roughly comparable with the 
annual efficiency reductions from previous studies. 
Table 5-2: Mismatch, Inverter MPP tracking and temperature combined losses from previous 
studies 
German 1000 
SV Method TEAMS Data Analysis roofs 
(Oozeki et al., (Reinders et (Baltus et al., programme 
2003) al., 1999) 1998) (Kiefer et al., 
1995) 
Combined mismatch, 
inverter MPP tracking 
and temperature loss 13 11.5 18.7 8.9 
(in annual performance 
ratio %) 
Reduction in annual 
efficiency assuming a 0.016 0.014 0.023 0.011 
rated efficiency of 
0.123 
System efficiency values below the cloud were assumed to be caused by faults. 
The faults lowered the system efficiency values below the expected values for 
normal operation. 
5.3. Describing normal operation 
5.3.1 Variable irradiance bins 
The five minute system efficiency values included the combined effects of both the 
normal operation and the faults. This made it difficult to individually investigate the 
effects of either the operational losses or the faults. For example, studying the 
effects of temperature on array efficiency was not possible if the array efficiencies 
were very low due to shading. A method to identify normal operation was 
developed which used mathematical descriptions to describe the normal operation 
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efficiency values for each PV system. The initial step in this process was the use of 
variable irradiance bins. 
The analysis techniques relied on the principal of separating the irradiance values 
into bins and investigating the values in each bin. This removed the influence of 
irradiance from the analysis. For example, a study on the efficiency values within 
the irradiance bin from 999 W/m2 to 1001 W/m2 could investigate the effects of 
factors other than irradiance on efficiency values at high irradiance. A difficulty 
when choosing irradiance bins was that the majority of irradiance values occurred 
at low levels of irradiance. Using bins of constant size (for example 50 W/m2) 
meant that the low irradiance bins (i. e. 100 W/m2 to 150 W/m2) contained many 
more values than the high irradiance bins (i. e. 900 W/m2 to 950 W/m2). Small bin 
sizes were required at low irradiance to account for the rapid change in system 
efficiency (as shown in the examples of Figure 5-3). However small bin sizes at the 
higher irradiances meant that some bins would not contain any efficiency values at 
all, as there were much less high irradiance values. 
The problem was overcome by using irradiance bins of variable size so than they 
contained a constant number of values. At Corncroft, the lower boundary of the 
bins was chosen as 100 W/m2 to avoid the measurement error in the Corncroft 
data seen in the system efficiency (Section 5.2.2) and in the DC power 
measurements (Section 4.2.3). At Heron Close and Panmure Street, the lower 
boundary was set at 50 W/m2. Taking, as an example, Heron Close system 4, if the 
constant number of values per bin was set at 300 then the first 300 irradiance 
values above 50 W/m2 were placed in the first bin, the next 300 irradiance values 
were placed in the second bin, and the process was repeated for the whole range 
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Figure 5-5: Irradiance to system efficiency relationship at HC 4 with the variable irradiance 
bins. The upper and lower boundaries of the irradiance bins are shown by the grey lines. 
5.3.2 Distribution of efficiency values within irradiance bins 
The normal operation of the PV systems was investigated by considering the 
distribution of the 300 system efficiency values in each irradiance bin. The 
distribution of efficiency in each irradiance bin was calculated by placing the 
efficiency values into constant bins of 0.001 width. For HC 4, the distributions of 
system efficiency values within bins of different irradiance levels were similar 
(Figure 5-6). 
The distributions showed that the monitored system efficiencies within a small 
range of irradiances approximated a Gaussian distribution. In each bin, the majority 
of the efficiency values were clustered around a central value with a modal 
frequency at or near this central value. The frequency of occurrence of efficiencies 
decreased above or below the central value. The efficiencies around the central 
value were within the boomerang cloud of points seen in Section 5.2.2 and were a 
part of the normal operation of the PV system. Efficiencies which were significantly 
lower than the central value (to the left in Figure 5-6) were caused by faults. Similar 
results are seen for the frequency distribution of system efficiencies within 
irradiance bins at Corncroft system 21 (Figure 5-7). However the distributions at in 
low irradiance bins at CC 21, below around 200 W/m2, had lower frequencies and 
were more widely spread than their equivalents at HC 4. This was a possible 
consequence of the slower sampling at Corncroft resulting in more variability in the 
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measured efficiency values. This difference was observed in all the of Corncroft 
and Heron Close systems. The distributions at Panmure Street were similar to 
those at Heron Close and the system efficiency distributions at HC 4, CC 21 and 
PS 0 for all irradiance bins are given in Appendix C. 3. 
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Figure 5-6: Frequency distributions of the system efficiency within six sample irradiance 
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Figure 5-7: Frequency distributions of the system efficiency within six sample irradiance 
bins for Corncroft system 21 (CC 21) 
5.3.3 Modelling normal operation with Gaussian distribution curves - 
The Gaussian distribution is used in many applications to describe the errors in 
experimental measurements (Mathworld, 2005). It is defined in IDL (RSI, 2005) by 
the equation: 
.f 
(x) = 40e (20.2) 
where f(x) represents the value of the function at a value x, Ao is the height of the 
distribution, p is the mean and a is the standard deviation. The distribution was 
fitted to the efficiency frequency distribution in each irradiance bin using a least 
squares fitting procedure. The sum of the squares of the difference between a 
Gaussian distribution and the actual distribution was calculated. The Gaussian 
distribution which had the lowest least squares value was chosen as the best fit to 
the measured efficiency distribution. The least squares fit was carried out using in- 
built routines of IDL. 
Continuing with the example of HC 4, a Gaussian distribution was fitted to the 
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efficiency frequency distributions within one of the irradiance bins (Figure 5-8). The 
height, mean (called alpha on the figure) and standard deviation (called sigma) of 
the Gaussian distribution are shown. The shape of the Gaussian distribution curve 
approximated the efficiency distribution and the mean represented the central point 
about which the majority of the efficiency values occurred. An advantage of using 
Gaussian distributions and the least squares fitting method is that a few low 
efficiency values do not unduly affect the fit of the Gaussian distribution curve. 
In a Gaussian distribution with mean a and standard deviation a there is a 5% 
probability than a value will lie above or below a ±1.64 Q. There is a 2.5% 
probability at a ±1.95 a and 1% probability at a ±2.33 Q. The boundaries of these 
probabilities (shown by the dotted lines in Figure 5-8) enclose the majority of the 
system efficiency values at HC 4. This provides the basis of the technique to 
separate the system efficiencies of normal operation and faults, which is described 
in the next section. Further examples of fitted Gaussian distributions for CC 21, HC 
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Figure 5-8: Gaussian distribution fit to the efficiency distribution of HC 4 in the 608 W/m2 to 
628 W/m2 irradiance bin 
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5.4. Developing efficiency curves and identifying normal 
operation 
5.4.1 Gaussian distribution curves 
The normal operation of a PV system was described by using the fitted Gaussian 
distributions. For the example of HC 4, the means of the Gaussian distributions are 
shown on the system efficiency to in-plane irradiance relationship (Figure 5-9). The 
red line shows the curve formed by the mean values of the Gaussian distributions 
for all the irradiance bins. The blue lines show the curves formed by the mean 
values plus or minus 2.33 standard deviations. The dense boomerang-shaped 
cloud of points represented the normal operation of the system (Section 5.2.2). The 
normal operation was described by the area enclosed by the means of the 
Gaussian distribution plus or minus 2.33 standard deviations. Assuming the normal 
operation can be approximated to Gaussian distributions, there is a 99% probability 
that the efficiencies of normal operation will lie within this area. At irradiances 
below 250 W/m2 there were many efficiency values that were slightly above or 
below this area which suggested that the frequency distribution of normal operation 
was not modelled well by the Gaussian distribution (this effect can be seen in 
Appendix C. 4). One reason for this might be that at low irradiance there was an 
increased variation in the operational losses (in particular inverter MPP tracking 
loss), with only occasional occurrences of minimal loss (represented by the 
efficiency values above the mean plus 2.33 standard deviations). Another 
explanation is that at low irradiance loss the measurement error was higher, due to 
recording low values of irradiance and power. 
The same analysis for CC 21 shows that the normal operation of the Corncroft 
systems can also be modelled by the area enclosed by the means of the Gaussian 
distributions plus or minus 2.33 standard deviations (Figure 5-10). A similar effect 
to HC 4 is seen at low irradiances where many efficiency values fall slightly outside 
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Figure 5-9: Mean and standards deviation of normal distribution fits for HC 4. The red line 
shows the curve formed by the mean values. The blue lines show the curves formed by the 
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Figure 5-10: Mean and standards deviation of normal distribution fits for CC 21. The red line 
shows the curve formed by the mean values. The blue lines show the curves formed by the 
means plus or minus 2.33 standard deviations. 
5.4.2 Efficiency curves 
The fitted Gaussian distributions were used to develop efficiency curves, the 
relationship of irradiance to efficiency for the normal operation of the PV systems. 
The efficiency curve is constructed from the means of the Gaussian distributions. 
As an example, the system efficiency curve at HC 4 was calculated using the 
system efficiency values (Figure 5-11). The curve represents the average system 
efficiency during normal operation over the range of irradiance. For example, at 
irradiance of 600 W/m2, the average system efficiency during normal operation at 
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Means +/- 2.33 x standard deviations 
HC 4 was 0.082. System efficiency curves for all the monitored PV systems are 
shown in Appendix C. 5. 
Efficiency curves for system, array and temperature corrected array efficiencies 
were constructed and used in the analysis of normal operation in Chapter 6. The 
system efficiency curves were also used in estimating the energy loss due to faults 
in Chapter 7. 
0.15 
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Figure 5-11: System efficiency curve describing average efficiency of normal operation at 
HC 4 
5.4.3 Fault efficiency curve 
The normal operation and faults were identified by constructing a fault efficiency 
curve. Efficiencies above the fault efficiency curve were identified as normal 
operation and below as faults. The fault efficiency curve was defined as the means 
of the Gaussian distribution minus 2.33 standard deviations. The faults were 
therefore the efficiency values with less than a 1% chance of occurring during 
normal operation and which were lower than the normal operation efficiencies. 
Using the example of HC 4, the fault efficiency curve enabled the separation of 
normal operation and poor performance (Figure 5-12). Similar plots are shown for 
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Figure 5-12: Irradiance to performance ratio relationship of HC 4 with identified normal 
operation and faults 
The variable irradiance bins did not include irradiances below 50 W/m2. Very high 
irradiances were also not included as often there were less than 300 irradiance 
values to fit into a bin. The low irradiance faults were ignored as this represented a 
small proportion of the energy output (less than 3% at HC 4). At high irradiance, 
any efficiencies below the value of the fault efficiency line at the highest irradiance 
(0.07 efficiency at 1020 W/m2 at HC 4) were identified as faults (this process is 
shown by the dotted red line in the figure). 
5.5. Summary 
Annual results of the monitored PV systems show that the Corncroft and 
Newbiggin Hall sites were performing well. Heron Close and Panmure Street did 
not perform as well as expected and had some systems with low annual 
performance ratios. The annual results cannot be used to investigate why some 
systems performed better than others. 
The relationship of in-plane irradiance to system efficiency at the five minute level 
showed that for Corncroft, Heron Close and Panmure Street a cloud of points 
occurred which follow a similar pattern to the PV module efficiency curve. The 
skewed boomerang-shaped cloud was assumed to represent the normal operation 
of the system and efficiencies below this cloud taken to be faults. The five minute 
data at Newbiggin Hall contained much more noise and did not show this 
relationship. It was suggested that this was caused by the slow sampling rate and 
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the Newbiggin Hall data was excluded from the five minute analysis. 
A novel technique was presented where the system efficiency values were 
separated into variable irradiance bins so that each bin contained 300 values of the 
measured irradiance. By fitting Gaussian distributions to the frequency distribution 
of efficiency values in each bin, techniques were developed to identify the normal 
operation and faults in each PV system. Efficiency curves were also constructed 
which showed the average efficiency of the normal operation at different levels of 
irradiance. These techniques are developed further in the next chapter which 
describes the development of new PV monitoring techniques to evaluate the 
normal operation of PV systems. 
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6. Normal Operation Monitoring Analysis 
Techniques 
This chapter describes the development of new monitoring analysis 
techniques to analyse the normal operation of PV systems. The techniques 
are based on the five minutely monitored data from the PV sites and 
methods to identify normal operation in the monitored data were described in 
Chapter 5. The use of five minutely data provides the opportunity to gain additional 
understanding into the normal operation of PV systems and the monitoring 
techniques are developed to maximise the benefits of this high resolution data. 
Normal operation represents times when the PV system is working well and all 
faults are excluded. PV system performance at normal operation is influenced by 
the design of the PV systems, the system components and the local climate. These 
factors cause energy losses in the sunlight to electricity conversion process and 
this group of energy losses is defined as the operational losses. A literature review 
of each loss is presented and the effects on efficiency are discussed. 
Monitoring techniques are developed to identify each of the operational losses. The 
techniques are mostly graphical and are based on the five minutely monitored data 
from the PV sites. The normal operation data is used to construct a series of 
'efficiency curves' for each system which describe the typical performance of the 
system. Original monitoring techniques are described and applied including: a 
study of the effect of inverter power derating at different levels of irradiance; and a 
study of the inverter maximum power point (MPP) tracking loss at different 
irradiance levels. The techniques are demonstrated throughout this chapter by 
reference to three example PV systems from Corncroft, Heron Close and Panmure 
Street. 
The monitoring techniques are applied to the monitored data recorded at the PV 
sites and the losses in annual performance ratio are calculated for each 
operational loss. The annual results are compared to previous studies to assess 
the plausibility of the results and to evaluate the monitoring techniques. 
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6.1. Review of operational losses 
6.1.1 Types of operational losses 
The operational losses were defined in Section 2.2.1 as the energy losses which 
reduce the efficiency from ideal operation to normal operation. Eight operational 
losses were identified: 1) inverter power derating; 2) inverter DC to AC conversion; 
3) DC wiring loss; 4) temperature loss; 5) inverter maximum power point (MPP) 
tracking; 6) irradiance loss; 7) mismatch; and 8) deviation from STC. Prior to 
developing techniques to identify these losses, a literature review of each 
operational loss was undertaken and the results are presented in this section. 
6.1.2 Inverter power derating 
Inverters are given different ratings according to their maximum AC power output. 
For example an 850 W inverter will output a maximum AC power of 850 W no 
matter how high the DC power input from the PV array. Inverter rating is chosen in 
relation to the size of the PV array and inverters are often deliberately undersized. 
The PV array rarely generates very high DC powers (only during times of high 
irradiance) and costs are reduced by using smaller inverters. For example, for 
Heron Close system 4 (HC4) a 1100 W inverter was used with a 1.44 kWp array. 
Inverters with ratings of 700 W, 850 W, 1100 W and 2500 W were used at 
Corncroft, Heron Close and Panmure Street (Table 6-1). The ratio of the inverter 
rating to the PV array rating ranged from 0.59 (undersized) at Heron Close to 1.63 
(oversized) at Corncroft. 
Table 6-1: Array and inverter ratings 
Site System Array rating Inverter rating Ratio of 
number(s) (kWp) (W) Inverter to 
array rating 
cc All 1.53 or 1.7 2500 1.63 or 1.47 
HC 4,5 and 6 1.44 1100 0.76 
HC 7 1.68 1100 0.65 
HC 12 1.44 850 0.59 
PS All 1.08 850 0.79 
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The energy loss caused by the reduction in AC energy output is defined as inverter 
power derating loss. A study by Ransome and Funtan (Ransome and Funtan, 
2005) demonstrated the effect of inverter power derating. During the operation of a 
PV system with a significantly undersized inverter, the AC output power did not rise 
above a certain 'saturation' power limit, equal to the inverter rating. If the inverter 
had been oversized then the AC power output would not have been limited. 
6.1.3 Inverter DC to AC conversion 
The energy loss in the conversion from DC power to AC power by the inverter is 
defined as the inverter conversion loss. The loss is described by the inverter 
efficiency, defined as the ratio of the AC energy output from the inverter to the DC 
energy input to the inverter. Inverter efficiency varies with the amount of electrical 
power that is being converted and the inverter efficiency curve is defined as the 
relationship between AC power output and inverter efficiency. The curve for a 1100 
W rated SMA Sunny Boy inverter was provided in the inverter technical 
documentation (SMA, 2005), with the AC power output normalised by the inverter 
rating (Figure 6-1). At AC powers above 10% of the rated power (110 W), the 
inverter efficiency is greater than 80%, with a maximum efficiency of 93% at 
around 40% of rated power (440 W). Below 10% rated power, the inverter 
efficiency falls to zero. SMA inverters were used in all the monitored PV systems 
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Figure 6-1: Inverter efficiency curve for a SMA 1100 W inverter (reproduced from SMA, 2005) 
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6.1.4 DC wiring 
DC wiring loss is defined as the energy lost due to the resistive losses in the DC 
cables that connect the PV array to the inverter. In the DC cables the electrical 
energy is converted to heat at the rate: 
PDC, 
LOSS _-I PV 
2R 
where PDC, LOSS is the power loss due to the resistance (Watts), lpv is the DC 
current of the PV array (Amps) and R is the resistance of the DC cables connecting 
the PV array to the inverter (Ohms). 
DC wiring loss increases with both the DC current output (at its highest during 
times of high solar irradiance) and the length of the DC cables. In a study of a 3.3 
kWp PV system in the Netherlands, Baltus et al. (Baltus et al., 1997) estimated the 
reduction in annual performance ratio due to DC wiring loss at 1.2%. 
6.1.5 Temperature 
The temperature of PV modules affects the efficiency of the sunlight to electricity 
conversion process due to the properties of the crystalline silicon semiconductor 
material21. As the module temperature increases, a decrease occurs in the module 
efficiency. The effect of temperature on efficiency constantly changes as the 
modules are heated by the solar radiation in the day time and then cool down 
again at night. The energy lost due to temperature variation (from the STC 
temperature of 25 °C at ideal operating conditions) was defined as temperature 
loss. 
Green (Green, 1982) defines the temperature coefficient of power (or simply 
temperature coefficient) as the percentage change in DC power per K increase in 
operating temperature above 25°C (the coefficient is always negative for PV 
modules) and gives the value of this coefficient as - (0.4 to 0.5) %/K for silicon PV 
cells, based on the nature of the silicon semiconductor material. Thus, as an 
example, a 20K rise in PV module temperature above 25°C will result in an 8% to 
21 All of the PV systems in this work had crystalline silicon PV modules 
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10% decrease in DC power output. The manufacturers of the PV modules used in 
this study provided the temperature coefficients at STC (Table 6-2). 
Table 6-2: Temperature coefficients for the PV modules used in this study 
Manufacturer Model Temperature coefficient 
of power at STC 
BP Solar 
(BP Solar, 2005) 
Astropower 
(Astropower, 2004) 
Saturn 585 - (0.5 ± 0.05) %/K 
AP 55, AP 75 -0.473 %/K 
and AP 120 
Gxasheka et at. (Gxasheka et at., 2005) described the temperature dependence of 
the power output of a number of silicon PV modules using indoor testing. The 
power output of the modules, based on STC measurements but with increasing 
temperature, was shown to decrease linearly as temperature increased. 
Temperature coefficients for the modules were' calculated as -0.40 to -0.56 %/K. In 
an outdoor study of PV modules, Nishioka et al. (Nishioka et at., 2003) determined 
a temperature coefficient of -0.4 %/K for a crystalline silicon module, based on the 
mean efficiency values for different temperature ranges. 
Temperature loss is defined as the difference between the estimated energy output 
of a PV system operating at constant PV module temperature of 25°C and the 
measured output of the system under actual temperature conditions. This loss 
applies when the actual performance of the system is being compared to the 
performance at ideal operation. If the temperature conditions during operation are 
low the temperature loss can be negative, indicating that the PV array generated 
more power than its equivalent operating at a constant 25°C. None of the reviewed 
studies investigated the effect of irradiance on the temperature coefficient. 
Previous work by Nordmann and Clavadetscher (Nordmann and Clavadetscher, 
2003) calculated the temperature loss in 17 monitored PV systems as 1.7% to 
11.3% of annual performance at ideal operating conditions. A further PV system 
had a negative annual temperature loss (-2.1%) due to the low ambient air 




6.1.6 Inverter maximum power point tracking 
A study by Haeberlin et al. (Haeberlin et al., 2005) described the relationship of 
operating voltage to module efficiency for a typical crystalline silicon PV module 
(Figure 6-2). PV module efficiency varies with the operating voltage and has a 
maximum at a certain operating voltage, defined as the maximum power point 
(MPP). To maximise the module efficiency the operating voltage must be kept at 
the MPP voltage. If the array operating voltage moves away from the MPP voltage 
then the module efficiency decreases below its maximum value. 
Module efficiency Constant irradiance and temperature 
Figure 6-2: Relationship of operating voltage and module efficiency for a typical crystalline 
silicon PV module (reproduced from Haeberlin et al., 2005) 
The MPP voltage is influenced by irradiance and temperature conditions and in 
installed PV systems is constantly changing. The operating voltage is constantly 
adjusted (by the inverter) to match the MPP voltage and thus maximise efficiency. 
This process is known as inverter MPP tracking. The study by Haeberlin et al. 
(Haeberlin et al., 2005), and another by Jantsch et al. (Jantsch et al., 1997), 
describe this process. The inverter MPP tracking worked well during times of 
steady, incremental changes in the solar irradiance such as bright, clear days. 
However, at times of large and rapid irradiance changes, such as bright summer 
days with passing cloud, the MPP tracking struggled to keep up with changes in 
the MPP voltage and significant losses could result. However in neither study was 
the energy lost due to MPP tracking quantified. 
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A separate study on MPP tracking for amorphous silicon PV modules by Infield et 
al. (Infield et al., 2001) describes the laboratory testing of inverters using an 
electronic solar simulator in place of an actual PV array. A tracking efficiency term 
was defined as the ratio of the measured DC energy over a test period to the 
calculated DC energy assuming ideal MPP tracking operation. In tests in which an 
amorphous silicon PV array was simulated, it was shown that the tracking 
efficiencies for three different inverters ranged from 70% to 98%. 
6.1.7 Irradiance 
The irradiance loss is defined as the difference between the estimated energy 
output of the PV array at a constant efficiency given by the PV module efficiency at 
1000 W/m2 and the measured output of the system with variation in module 
efficiency due to changing irradiance conditions. Similar to the temperature loss, 
this loss is used when the actual system performance is compared to the 
performance at ideal operation (with STC irradiance of 1000 W/m2). PV module 
efficiency reduces at irradiance levels close to zero, as seen in the PV module 
efficiency curves described in Section 5.2.1 and this reduction in efficiency reflects 
the irradiance loss. 
6.1.8 Mismatch and deviation from STC 
Mismatch (or module mismatch) is described by Hermann (Herrmann, 2005) as the 
loss due to the variation in electrical characteristics of PV modules within a PV 
array. In PV modules the current and voltage characteristics vary slightly due to 
tolerances in the manufacturing process. This causes the MPP voltage between 
modules to vary slightly. When PV modules are connected in series in an array, the 
array MPP voltage will be a combination of the individual module MPP voltages 
and the modules cannot all operate at their MPP voltage simultaneously. The 
power output of the array is therefore lower than the sum of the power outputs of 
the individual modules and the reduction in efficiency is defined as the mismatch 
loss. Hermann showed that in one experiment the maximum power of modules of 
the same make and model varied from 145.8 to 155.6 W and a power loss of 0.4% 
to 0.5% could be attributed to module mismatch in an array of these modules. 
Mismatch is the reason why modules of different power ratings are not used in the 
same PV array. 
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A further source of mismatch can occur during operation if the PV modules in an 
array are subjected to different irradiance or temperature conditions. Variation in 
irradiance levels over the array is typically caused by shading (see Section 7.1.5). 
Variation in module temperatures over the array is caused by the difference in 
ventilation of the modules. For example, air drawn under an array will cool the 
modules down most at its point of entry (at the bottom of the array). As the air rises 
underneath the PV array the air temperature increases and the cooling effect on 
the PV modules decreases. This means that temperature gradients can form 
across the PV array and across PV modules in the array. Mismatch caused by 
these temperature gradients is termed thermal mismatch. 
The result by Hermann, that PV modules of the same make and model can have 
different rated power, illustrates another loss: deviation from STC. In some cases 
the actual rated efficiency of PV modules (for example as measured before 
operation commences) can be lower than the single value of rated efficiency 
provided by the manufacturer. A study of a single PV system by Reinders et al. 
(Reinders et al., 1999) showed that deviation from STC accounted for 5.7% loss in 
annual performance ratio. 
6.2. Development of monitoring techniques 
6.2.1 A model of the operational losses 
The operational losses can operate simultaneously which makes it difficult to 
identify them separately in the monitored data. To simplify the development of new 
PV monitoring techniques a model of the energy flows in a PV system has been 
developed to approximate the actual physical system (Figure 6-3). This model 
places the operational losses in a specific order and it is assumed that the losses 
occurred in this sequence. The order is determined by the needs of the analysis 
and does not necessarily represent the actual order of the system losses which is 
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Figure 6-3: Schematic diagram of reduction in efficiency due to operational losses 
The reduction in efficiency from ideal operation to normal operation is split into 
stages corresponding to a series of six efficiency curves: system; array; array 
temperature corrected; no inverter MPP tracking; irradiance at 1000 W/m2; and 
STC efficiency (Figure 6-3). These curves describe the typical efficiency of the PV 
system at the different stages of normal operation and are constructed using new 
techniques based on the five minutely monitored data. The system efficiency curve 
is based on the AC power measurements and the STC efficiency curve on the 
rated efficiency of the modules. The remaining four efficiency curves are based on 
the DC power measurements. This section describes new methods to analyse the 
operational losses and the development of the efficiency curves. 
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6.2.2 Inverter power derating 
The inverter rating places a limit on the maximum system efficiency possible (due 
to the limit on AC power output irrespective of solar irradiance). The upper limit of 
system efficiency is a function of the inverter rating and can be given for a specific 






where 71, is the upper limit of system efficiency; PINY is the inverter power rating 
(W), i is the in-plane solar irradiance (W/m2) and A is the array area (m). 
For example, HC 4 had an array area of 11.7 m2 and a 1100 W rated inverter. 
Under an irradiance of 1000 W/m2 the maximum system efficiency is therefore 
0.094. It is not possible for the efficiency to be higher at this irradiance because of 
the limit on AC power output due to the rating of the inverter. 
Taking as an example four of the monitored PV systems, the upper limit of system 
efficiency was plotted on the irradiance to system efficiency plots as described in 
Section 5.2.2 (Figure 6-4). The first year of operation for each system is shown and 
only the normal operation efficiencies are plotted, as determined from the 
Gaussian distribution techniques in Section 5.4.3. The faults were ignored in all the 
analysis techniques in this chapter. At Corncroft, irradiance values below 100 W/m2 
were not included in the plots, due to the occurrence of measurement inaccuracy 
at low irradiance (Section 4.2.3). At Heron Close and Panmure Street the minimum 
irradiance used was 50 W/m2 as this was the minimum value used in the variable 
irradiance bin technique (Section 5.3.1). Similar plots for the other Heron Close 
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Figure 6-4: Irradiance to system efficiency relationships for selected systems. The upper 
limit of system efficiency, caused by inverter power derating, is shown by the red line. 
At CC 21 there was no inverter power derating because the inverter was 
significantly oversized compared to the PV array (Section 6.1.2). This was true for 
all Corncroft systems. At HC 4 the inverter derating effect was minimal as the 
recorded efficiencies only approached their upper limit at irradiances of around 
1200 W/m2 or greater. This high level of irradiance occurred rarely during 
operation. The inverter was significantly undersized at HC 7 with an inverter to 
array ratio of 0.65 (Table 6-1) and the effect on efficiency can be clearly seen. 
There was a sharp decline in efficiency values recorded at irradiances of around 
800 W/m2 or greater due to the limiting effect of the inverter. Surprisingly, at PS 0 
some efficiency values above the theoretical maximum did occur. This is because 
the inverters at Panmure Street allowed an output power up to around 900 W 
which was slightly higher than their rated power of 850 W. The effect of inverter 
power derating at PS 0 was similar to HC 4 and only efficiencies at very high 
irradiances were affected. 
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From inspection of Figure 6-4 and the plots in Appendix D. 1., inverter power 
derating only had a significant effect on HC 7 and H 12: the two systems with the 
most undersized inverters (HC 12 had an inverter to array ratio of 0.59). This 
caused difficulties in the analysis techniques presented later in this chapter as the 
technique of fitting Gaussian distributions could not be used effectively for high 
irradiance. This meant that it was difficult to describe the normal operation of HC 7 
and HC 12 at an irradiance of 1000 W/m2 which is important for comparing the 
normal operation performance to ideal operation performance. For this reason, HC 
7 and HC 12 were not included in the remaining analysis techniques in this 
chapter. For the other PV systems it was assumed that the inverter power derating 
had minimal or no effect on the system performance. 
The energy losses caused by inverter power derating at HC 7 and HC 12 were not 
calculated in this work. However such a calculation may be possible by estimating 
the efficiency values of normal operation if the derating had not occurred and 
comparing these values to the measured efficiency values. 
6.2.3 Inverter DC to AC conversion 
The effects of the inverter conversion loss were simple to investigate as both the 
DC and AC power measurements were recorded. The inverter efficiency curves at 
the three example PV systems were, as expected, similar to the manufacturer's 
efficiency curves as described in Section 6.1.3 (Figure 6-5). HC 7 was excluded 
from the analysis due to the significant amount of inverter power derating as 
discussed in Section 6.2.2. Inverter efficiency curves for all the PV systems are 
shown in Appendix D. 2. 
The inverter curves for HC 4 and PS 0 showed more variation in efficiency than CC 
21. This may be an effect of the different sampling rates used at the sites22. The 
maximum AC power output from CC 21 reached only around 60% of the inverter 
rating, as the inverter was oversized (a 2500 W inverter for a 1.53 kWp system). At 
HC 4 and PS 0 the inverters were slightly undersized and the maximum AC power 
output was similar to the inverter rating.! 
22 Comcroft had a sampling rate of around 60 seconds. Heron Close and Panmure Street both had sampling 
rates around 10 seconds (Section 32.5) 
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At CC 21, the system would operate at the low efficiency section of the curve (to 
the left of the curve in Figure 6-5) for a longer period of time than the other two 
systems. As all the inverters at Corncroft were oversized, this would explain the 
low annual inverter efficiencies in the annual results (Section 5.1.1). At HC 4 and 
PS 0 there were some efficiency values greater than 1 and this suggested that 
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Figure 6-5: Inverter efficiency curves for selected systems 
6.2.4 DC wiring 
The equation of power loss in the DC cables was defined in Section 6.1.4. All the 
monitored systems had similar DC cables with a cross sectional area of 2.5 mm2. 
Based on this cross sectional area, the resistance of the cable was estimated at 
8.2 0 per km (Powerstream, 2005). It was assumed that at each PV system the DC 
cable run was 10 m in length (a pair of 5m cables connecting the array to the 
inverter). Thus the resistance R of the DC cables at each system was estimated as 
0.0820. 
The DC current IPA in the DC cables was calculated from the DC power input to the 
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inverter and the DC voltage at the inverter input. The DC power input to the 
inverter was provided by the recorded DC power measurements. The DC voltage 
was not measured and it was assumed that the DC voltage remained constant at 
the value of MPP voltage at STC provided by the module manufacturers (18 V for 
the Corncroft modules and 16.9 V for the Heron Close and Panmure Street 




INY 1'DC, LOSS =I PV R=xR nVMPP 
where n is the number of PV modules in the PV array and 
VMpp is the MPP 
voltage at STC provided by the module manufacturers (V). 
For example, on a bright sunny day the PV array at HC 4 could have a DC power 
output of 1000 W. There were 12 PV modules in the PV array and the MPP voltage 
at STC is provided by the manufacturer as 16.9 V. The DC current output of the 
array is estimated as 4.93 A and the power loss in the DC cables as 2 W. This 
suggests that the power loss in the DC cables has a minimal effect on the power 
output of the system. 
6.2.5 System efficiency and array efficiency curves 
Array efficiency is calculated using the DC power output from the PV array (Section 
5.2.1). These DC power values were not measured directly but were calculated as 
the sum of the DC power measurements (recorded at the input to the inverter) and 
the DC wiring losses (calculated using the method described in Section 6.2.4). This 







where PDC, AMY is the DC power output from the PV array (W); PDC, LO, S is the 
power loss in the DC cables (W); and PDC, JNV is the DC power input to the inverter 
(W). 
For the three example PV systems the difference between array efficiency and 
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system efficiency is clearly observed (Figure 6-6). Similar plots are provided for all 
the monitored PV system in Appendix D. 3. The reduction from array efficiency to 
system efficiency (calculated from the AC power output from the inverter) was due 
to the energy losses in the DC wiring and in the inverter DC to AC conversion 
process (Figure 6-3). System efficiency curves and array efficiency curves were 
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Figure 6-6: System efficiency and array efficiency to irradiance relationships for selected 
systems. 
6.2.6 Temperature correction 
The array efficiency values were temperature corrected to exclude the effect of 
temperature from the data and to allow the investigation of the other operational 
losses. The same approach was taken as used in other studies (for example 
Oozeki et al., 2003; Kiefer et al., 1995) in which the array efficiencies were 
corrected to an equivalent value at 25°C. The temperature coefficients supplied by 
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the manufacturers (Table 6-2) were used in the temperature correction 
calculations. Although the PV module temperature measurements were only made 
for one array at Corncroft and Panmure Street and for two arrays at Heron Close 
(Table 3-7), these measurements were used for the temperature correction of all 
the systems on' each site. The temperature correction of the array efficiency values 
was carried out using the following formula: 




where 17a, y25"c is the equivalent array efficiency at 25 °C, r/aayt is the array 
efficiency at temperature t, at is the temperature coefficient (%/K); and t is the PV 
module temperature (°C). 
For the three example systems, the temperature corrected array efficiencies were, 
as expected, higher than the measured array efficiencies at high irradiances 
(Figure 6-7). At low irradiances the temperature corrected array efficiencies were a 
little lower than the measured efficiencies. This variation was caused by the 
tendency for temperatures greater than 25°C to occur at high irradiances (for 
example on bright summer days) and for temperatures less than 25°C to occur at 
low irradiances (for example on cloudy winter days). Efficiency curves for the 
temperature corrected array efficiency values were also constructed. Similar plots 
for all the monitored systems are given in Appendix D. 4. 
The temperature coefficients supplied by the manufacturers applied at STC 
conditions, and might differ at other irradiance and temperature levels. An 
exploratory analysis to calculate the temperature coefficients using the monitored 
data was attempted and this is discussed in Appendix D. 5. 
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Figure 6-7: Irradiance to array efficiency relationships for selected systems before and after 
temperature correction 
6.2.7 Inverter maximum power point tracking 
The temperature corrected array efficiencies showed a cloud of points when 
plotted against in-plane irradiance (Figure 6-7). The main reason for the variation in 
efficiency at similar irradiance levels was assumed to be the losses caused by 
inverter MPP tracking. This assumption was checked by investigating the 
efficiencies on a clear day (with no passing cloud) and a cloudy day (with passing 
cloud and large fluctuations in irradiance). It was expected that inverter MPP 
tracking loss would be minimal on the clear day and significant on the cloudy day, 
due to the changes in the inverter MPP voltage that occur during times of 
irradiance fluctuations (as described Section 6.1.6). For the Heron Close site, 14th 
June 2004 was identified as a clear day and 1 0th June 2004 as a cloudy day. A plot 
of time of day against in-plane irradiance for the two days clearly shows the 
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irradiance to temperature corrected array efficiency relationships for HC 4 on the 
same two days (these plots include the faults as well as the normal operation) 
show how the irradiance fluctuations of the cloudy day appears to cause both large 
and small reductions in efficiencies throughout the day. This investigation is taken 
to conclude that these efficiency reductions are caused by inverter MPP tracking 
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Figure 6-8: Time of day against in-plane irradiance for Heron Close on a clear and cloudy day 
and irradiance to efficiency for HC 4 on the same days. 
On the clear day there is a noticeable effect of two distinct curves of efficiency 
values. The higher curve occurs before midday and the lower curve after midday. 
The reasons for this variation in efficiency are not clear but are thought to be either 
caused by thermal mismatch (Section 6.1.8), inaccuracies in the temperature 
correction procedure (Section 6.2.6) or inaccuracies in the temperature 
measurements. As only one PV module temperature measurement is made for 
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each orientation of PV arrays on each site, it is difficult to determine the cause of 
the variation seen on clear days. For this reason it is assumed that the variation 
seen in the temperature corrected efficiency values are caused solely by inverter 
MPP tracking in the remainder of the analysis in this work. 
The effect of inverter MPP tracking on efficiency was investigated by analysing 
temperature corrected array efficiency values separated into the irradiance bins. 
Taking HC 4 as an example, there was significant variation in the efficiency values 
within the 450 to 464 W/m2 irradiance bin (Figure 6-9). The variation in the 
irradiance bin was modelled as a Gaussian distribution using the techniques 
described in Section 5.3.3. At HC 4, in the 450 to 464 W/m2 irradiance bin, a 
Gaussian distribution with mean 0.095 and standard deviation 0.004 was fitted to 
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Figure 6-9: Frequency distribution of temperature corrected array efficiencies of normal 
operation at HC 4 in the 450 to 464 W/m2 irradiance bin. 
The value of efficiency at which no inverter MPP tracking losses occurred was 
defined as the no MPP tracking value. If the variation in efficiency within the 
irradiance bin was caused by inverter MPP tracking, then the no MPP tracking 
efficiency would lie at the right hand side of the efficiency distribution (Figure 6-9). 
Theoretically the maximum efficiency value in each bin should represent the no 
MPP tracking value. However in the monitored data there were occasional 
examples of efficiencies which were significantly higher than the rest of the values. 
It was assumed that these unusual high values could be caused by measurement 
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error and thus not used to estimate the no MPP tracking value. To overcome this 
problem, the no MPP tracking value was calculated as the 97.5th percentile of the 
fitted Gaussian distributions for each irradiance bin. 
The no MPP tracking values were used to construct curves for each PV systems 
which represented the temperature corrected array efficiency values with zero 
inverter MPP tracking losses. These curves are defined as no MPP tracking 
efficiency curves. For the three example PV systems, the efficiency to irradiance 
plots show that the no MPP tracking efficiency curves follow the upper boundary of 
the cloud of temperature corrected array efficiency values. Similar plots for all the 
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Figure 6-10: Irradiance to temperature corrected array efficiency relationships for selected 
systems showing the no MPP tracking curves. 
6.2.8 Irradiance, mismatch and deviation from STC 
Irradiance loss was investigated by considering the difference between the 
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variation of efficiency with irradiance and the value of efficiency at an irradiance of 
1000 W/m2 (the irradiance level of STC). In this analysis the temperature corrected 
array efficiencies with no inverter MPP tracking loss were used, as described by 
the no inverter MPP tracking efficiency curves (Figure 6-10). The values of these 
efficiencies at 1000 W/m2 was determined for each monitored PV system. 
For the three example PV systems, the efficiency values at irradiance of 1000 
W/m2 were plotted on the irradiance to efficiency plots (Figure 6-11). The 1000 
W/m2 efficiency value is shown as a straight line, as its value is assumed constant 
over all irradiance levels. In all three systems the no MPP tracking efficiencies 
became slightly higher than the 1000 W/m2 value at irradiance below 1000 W/m2 
before decreasing sharply at low irradiance. Such a result has previously been 
reported in the study by Bucher and Kunzelmann (Section 5.2.1) which showed PV 
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Figure 6-11: Irradiance to temperature corrected array efficiency relationships for selected 
systems 
-103- 
The STC efficiency, the rated efficiency of the PV modules, is also shown on the 
irradiance to efficiency plots as a constant value over all levels of irradiance (Figure 
6-11). The difference between the STC efficiency and the efficiency at 1000 W/m2 
represents the mismatch loss and deviation from STC loss (Figure 6-3). More 
detailed measurements would be required to separate these losses and in this 
analysis the combined effects of mismatch and deviation from STC were 
considered. 
At CC 21 there were temperature corrected array efficiency values higher than the 
STC efficiency for irradiances from 100 W/m2 to around 700 W/m2. This suggested 
a possible error in the efficiency values as it was unlikely that, that the recorded 
efficiencies would rise above the rated efficiency of the PV modules. This 
observation is discussed further in Section 6.3.4. 
6.3. Application and evaluation of monitoring techniques 
6.3.1 Efficiency curves at the six stages of normal operation 
The new PV monitoring techniques can be used to estimate the impact of the 
operational losses on annual performance ratios. The combined effect of the 
operational losses reduces the annual performance ratio from ideal operation23 to 
the annual performance ratio at normal operation (Figure 6-3). For each 
operational loss the reduction in annual performance ratio is calculated. This 
illustrates which of the operational losses have the greatest effect on the annual 
performance ratio at normal operation. 
This process is demonstrated by applying the monitoring techniques to the first 
twenty four months of operation at Corncroft and the first twelve months at Heron 
Close and Panmure Street. For the three example PV systems the six efficiency 
curves were constructed using the techniques of Section 6.2 (Figure 6-12). Similar 
curves were constructed for the other monitored systems and are shown in 
Appendix D. 8. The difference between each set of consecutive curves represents a 
distinct operational loss or group of operational losses as described by the model 
of the operational losses in Section 6.2.1 (Table 6-3). For example, the difference 
23 By definition the annual performance ratio at ideal operation is unity for all PV systems 
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between efficiency at no MPP tracking efficiency curve and efficiency at 
temperature corrected array efficiency curve is taken to be the reduction in 
efficiency due to inverter MPP tracking. 
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Figure 6-12: Efficiency curves describing normal operation for selected systems 
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Table 6-3: Graphical definition of operational losses 
Operational loss Described by: 
Mismatch and Difference between STC efficiency and efficiency at 
deviation from STC 1000 W/m2 
Irradiance loss Difference between efficiency at 1000 W/m2 and no 
inverter MPP tracking efficiency curve 
Inverter MPP tracking loss Difference between no inverter MPP tracking 
efficiency curve and temperature corrected array 
efficiency curve 
Temperature loss Difference between temperature corrected array 
efficiency curve and array efficiency curve 
DC wiring loss and Difference between array efficiency curve and 
inverter DC to AC conversion loss system efficiency curve 
6.3.2 Calculating annual performance ratio losses 
The reductions in annual performance ratio due to the operational losses are 
estimated by calculating hypothetical annual performance ratios for the six stages 
of normal operation defined by the six efficiency curves. For each curve the annual 
performance ratio is calculated assuming the system operated at efficiency given 
by the efficiency curve. Annual performance ratios are calculated using the five 
minutely in-plane solar irradiance monitored data. For each five minutely irradiance 
value, the typical efficiency at this irradiance is estimated using the efficiency 
curves. For example, at HC 4 the system efficiency at irradiance of 600 W/m2 is 
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Figure 6-13: In-plane irradiance to system efficiency relationship at HC 4. The system 
efficiency curve, the value of the system efficiency curve at 600 W/m2 and the extension to 
the system efficiency curve are shown. 
In the monitored data there were irradiance values outside the range of irradiance 
described by the efficiency curves. The range of irradiance described by the curves 
is from 50 W/m2 (at Heron Close and Panmure Street) or 100 W/m2 (at Corncroft) 
up to a maximum irradiance value (usually around 1000 W/m2). To estimate 
efficiency for recorded irradiances outside this range the efficiency curves are 
extended to cover very low and very high irradiances (Figure 6-13). For low 
irradiances, a straight line is fitted from zero efficiency at zero irradiance to the 
efficiency curve at its minimum irradiance (line A on the figure)24. At high irradiance 
the efficiency curves are extended using a straight line with gradient equal to that 
of a straight line fitted to the efficiency values between irradiance of 600 W/m2 and 
the maximum irradiance (line B in the figure). 
For each efficiency curve, the hypothetical annual energy output is estimated from 
the five minutely irradiance data using the equation: 
E(3 =AG, )I, 
24 There is an abrupt change in gradient in the extension of the system efficiency curve at low irradiance. 
However this is considered to have a minimal impact on the calculated annual energy yields as energy 
generation at such low irradiance is minimal. 
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where EG is the annual energy output (kWh); n is the number of five minutely 
recording intervals in the year containing irradiance values; G, is the irradiation 
energy for recording interval i (kWh/m2); nr is the value of the efficiency curve for 
recording interval i; and A is the area of the PV array (m). 
The annual performance ratio is the ratio of annual system efficiency to the rated 
efficiency of the PV modules. Annual system efficiency is calculated as the ratio of 
the annual energy output to the annual solar irradiation energy received. For each 





where PR is the annual performance ratio; G, is the annual solar in-plane 
irradiation (kWh/m2); and i7src is the rated efficiency of the PV modules. 
As an example, the hypothetical annual performance ratios were calculated for the 
first year of operation at HC 4 (Table 6-4). The area of the PV array was 11.7 m2, 
the annual in-plane solar irradiation was 895 kWh/m2 and the rated efficiency of the 
PV modules was 0.123. The reduction in annual performance ratio due to the 
operational losses is given by the difference between hypothetical annual 
performance ratios of consecutive efficiency curves (as defined in Table 6-3). The 
annual operational losses were calculated as (expressed in annual performance 
ratio percent): mismatch and deviation from STC losses 18.1%; irradiance loss 
5.8%, inverter MPP tracking loss 5.6%, temperature loss 2.0%; and the combined 
DC wiring and inverter conversion loss 6.8%. The annual performance ratio loss 
due to DC wiring was calculated separately as 0.1% (based on the calculation of 
power loss in the DC cables described in Section 6.2.4) and this gives the inverter 
DC to AC conversion loss as 6.7%. 
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Table 6.4: Annual energy outputs and performance ratios for the different stages of normal 
operation at HC 4 
Efficiency curve used Annual energy output Annual performance ratio 
(kWh) (%) 
STC efficiency 895 100.0 
Efficiency at 1000 W/m2 733 81.9 
'No inverter MPP tracking 
efficiency curve 
681 76.1 
Temperature corrected array 
efficiency curve 
631 70.5 
Array efficiency curve 613 68.5 
System efficiency curve 552 61.7 
This process was repeated for the first and second year of operation at Corncroft 
and the first year of operation at Heron Close and Panmure Street (Table 6-5). For 
each category of operational loss the mean value, standard deviation and range 
(minimum value to maximum value) of performance ratio loss is shown and all 
values are in performance ratio percent. For example, an annual loss calculated as 
5 performance ratio percent could represent a reduction in annual performance 
ratio from 80% to 75%. The sum of the operational losses is equal to the difference 
between annual performance ratio at ideal operation (100%) and annual 
performance ratio at normal operation. Full results for each system are given in 
Appendix D. 9. 
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Table 6-5: Estimated reductions in annual performance ratio during normal operation 
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6.3.3 Evaluation of the monitoring techniques 
An evaluation of the PV monitoring techniques is made by checking the plausibility 
of the annual results. The annual performance ratio losses for the monitored PV 
systems at Corncroft, Heron Close and Panmure Street were compared with the 
annual performance ratio losses calculated in four previous energy loss studies 
discussed in Section 2.3.1 (Table 6-6). 
Table 6-6: Annual average performance ratio losses compared to results from previous 
studies 
Previous studies (Table 2-4) 
Average results from this study 2 (Table 
6-5) 
SV TEAMS Data German 
I Method Analysis 1000 Roofs 
Operational (Reinders programme Corncroft Comcroft Heron Panmure 
loss (Oozeki et al., 
(Baltus Year 1 Year 2 Close Street 
et al., 1999) et al., (Kiefer et 2003) 1998) al., 1995) 
Loss In performance ratio (in performance ratio percent) 
Deviation g 5.7 0.3 
from STC 3.7 5.4 12.4 14.3 
Mismatch 3 4 4.4 
Irradiance 11.8 5.8 3.7 -4.1 -4.4 8.3 6.7 
Inverter 
maximum 
power point 9 1.5 ý 1.2 12.6 12.1 6.0 8.0 
(MPP) 
tracking 
Temperature 4 6.1 2.4 3.3 2.0 2.0 2.0 -0.3 
DC wiring 3 0.9 - 0.1 0.1 0.1 0.1 
Inverter DC- 
AC 6 12.1 4.8 9.3 8.2 7.9 7.0 7.2 
conversion 
1 Values shown for the SV Method are the average values for 421 systems 
2 Values shown for Corncroft, Heron Close and Panmure Street are average values for each site 
3 In the TEAMS method the mismatch and DC wiring loss are given as a combined total of 3.9% 
4 In the Data Analysis method, the mismatch and inverter MPP tracking losses are given as a combined total of 16.3% 
There was a large difference between the average annual deviation from STC and 
mismatch losses at Corncroft (3.7% and 5.4%) compared to Heron Close (12.4%) 
and Panmure Street (14.3%). The Corncroft losses were comparable to the 
TEAMS study (5.7%) and the German 1000 Roofs study (4.7%). The losses at 
Heron Close and Panmure Street were higher than maximum reported by the 
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previous studies (9% by the SV Method study). 
Average annual irradiance losses at Heron Close and Panmure Street (8.3% and 
6.7%) were comparable with the previous studies 
. 
(from 3.7% to 11.8%). The 
average annual irradiance losses at Corncroft were calculated as negative values 
(4.1% and -4.4%). This suggested a problem with the monitoring techniques as all 
the other reported values were positive. 
At Corncroft the average annual inverter MPP tracking losses (12.6% and 12.1%) 
were higher than Heron Close (6.0%) and Panmure Street (8.0%). These values 
compared well with the values of the SV Method study (9%) and the Data Analysis 
study (16.3%, which included mismatch losses). The TEAMS study and the 
German 1000 Roofs study estimated annual inverter MPP tracking loss at values 
significantly lower (1.2% and 1.5%). These two studies used simulation models of 
inverter MPP tracking, rather than data analysis techniques, which may account for 
the difference. The study by Infield et al. reported MPP tracking efficiencies from 
70% to 98% (Section 6.1.6). The tracking efficiencies at the PV sites can be 
calculated from the annual average performance ratio losses and range from 
87.5% to 92.4% which compares well with the study. 
The average annual temperature losses at Corncroft and Heron Close (all at 2.0%) 
were slightly lower than in the previous studies (from 2.4% to 6.1%). This effect 
could be caused by the colder climate of the UK. Panmure Street had a negative 
annual average temperature loss (-0.3%) and may be caused by the low 
temperatures at the Panmure Street site. In a study of an Austrian PV system 
Nordmann and Clavadetscher (Nordmann and Clavadetscher, 2003) showed that 
negative temperature loss of -2.1% occurred due to conditions of low ambient air 
temperatures. 
The average annual DC wiring losses at the PV sites (all at 0.1%) were lower than 
the value suggested by the Data Analysis study (0.9%). Average annual inverter 
DC to AC conversion losses at Corncroft (8.2% and 7.9%) were slightly higher than 
Heron Close (7.0%) and Panmure Street (7.2%). This may be caused by the 
oversized inverters at Corncroft. The calculated values were within the range of 
inverter conversion loss in previous studies (4.8% to 12.1%). 
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This comparison suggests that the new PV monitoring techniques are providing 
reasonable and realistic values of annual performance ratio losses for the majority 
of the operational losses. The techniques are more comprehensive than previous 
studies and, with the exception of the deviation from STC and mismatch losses, 
they provide more detail on the effects of individual losses. The irradiance losses at 
Corncroft appeared to be in error which suggests a problem in the monitoring 
techniques. This is discussed further in the next section. 
6.3.4 Limitations of the monitoring techniques 
At Corncroft the calculated annual irradiance losses were negative and significantly 
lower than the results of previous studies and the calculated values at Heron Close 
and Panmure Street. The source of this problem was first seen during the 
development of the monitoring techniques when it was noted that at Corncroft 
there were recorded efficiencies higher than the rated efficiencies of the PV 
modules (Section 6.2.8). The high efficiencies occur at irradiances below around 
700 W/m2. It is these high efficiency values which cause the negative annual 
irradiance losses as the hypothetical annual energy generated at the no inverter 
MPP tracking efficiency curve (constructed using the high efficiencies) is greater 
that the hypothetical annual energy generated at constant efficiency at 1000 W/m2. 
This illustrates a weakness of the monitoring techniques: the techniques rely on 
high measurement accuracy in the monitored data. It is believed that the high 
efficiency values recorded at Corncroft are caused by measurement inaccuracy in 
the DC power measurements. The PV installation company for Corncroft have 
studied the DC power measurements at a site similar to Corncroft and found that 
measurements made with separate energy meters produce different results to 
measurements made by the inverter (Kreutzer, 2006). The measurements made by 
the separate meter produce a narrower cloud of points on the irradiance to 
efficiency plots with a smaller spread in efficiency within specific irradiance bins. 
This suggests the DC power measurements at Comcroft may be recorded as 
higher or lower than their true value at certain times. The measurement error at 
Corncroft may be due to the oversized inverters at the site which operate at a low 
percentage of their rated power for long time periods and the in-built DC power 
sensors at very lower powers may be inaccurate. The slow sampling time used by 
the monitoring system at Corncroft may also influence the measurement accuracy 
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of the DC power. 
A further possibility which could explain the inaccuracy in the DC power 
measurements at Corncroft is that, due to the step change in power levels at low 
irradiance observed in Section 4.2.3, the Comcroft DC power measurements are 
recorded at 100 W above their true value. An exploratory analysis to investigate 
this possibility is discussed in Appendix D. 10 and concludes that an on-site check 
and calibration of both the DC and AC power measurements at Corncroft is highly 
recommended. 
Another limitation of the monitoring techniques is that they rely on the efficiency 
measurements at irradiance of 1000 W/m2 to estimate the operational losses. 
However if inverter derating reduced the efficiency values at this irradiance then 
the present techniques could not be applied. Significant inverter power derating 
caused difficulties with the analysis and two Heron Close systems were excluded 
from the analysis due to inverter derating (Section 6.2.2). 
6.4. Summary 
New PV monitoring techniques have been developed to analyse the normal 
operation of PV systems. The techniques construct a series of six efficiency curves 
based on five minutely monitored performance data. These curves have been used 
to calculate the annual performance ratio losses caused by the operational losses. 
The monitoring techniques were applied to the monitored data from the Corncroft, 
Heron Close and Panmure Street sites and annual losses in performance ratio 
were calculated. The results were compared to previous studies and the monitoring 
techniques were shown to produce estimates comparable to the previously 
reported values. One exception was the annual irradiation losses at Corncroft 
which were calculated as negative values. This problem was investigated and it 
was concluded that measurement inaccuracy of the DC power at Corncroft was the 
cause of this unrealistic result. The limitations of the new monitoring techniques are 
discussed. 
The annual results showed that all the monitored systems had the potential to 
perform well, within a range of around 60% to 80% in annual performance ratio at 
normal operation. In reality, many of the systems suffered from faults which 
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reduced their performance. New techniques to identify the faults, based on the five 
minutely monitored data, are discussed in the next chapter. 
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7. Faults in PV Systems 
This chapter introduces new techniques to identify faults in PV systems 
based on the five minutely performance data described in Chapter 4. 
Faults were defined as low operational efficiencies which could not be 
explained by normal operation and were detected using the Gaussian distribution 
techniques demonstrated in Chapter 5. The different types of faults considered 
were listed in Chapter 2 and a literature review of each fault is presented in this 
chapter. By studying the characteristics of the faults, and their impact on the five 
minutely efficiency values, new techniques for diagnosing faults have been 
developed. These techniques are illustrated throughout this chapter by reference to 
four example PV systems. 
The high resolution monitored data meant that faults with short time periods (with a 
minimum duration of about five minutes) could be observed. If the recording 
interval had been half hourly or hourly, the short time period faults may not have 
been visible. Faults were detected by studying the efficiency to irradiance plots and 
identifying the data which was outside the bounds of normal operation. Three 
diagnostic techniques have been developed to identify the faults. The first 
technique identified faults with zero efficiency, when power output stopped 
completely during operation. The second technique identified shading based on the 
positions of the sun throughout the year. The shading analysis relied solely on the 
five minutely interval data and did not require any knowledge of the site layout or 
the shading objects. Thirdly, any remaining faults which were not identified as zero 
efficiency or shading faults were attributed to inverter MPP tracking failure. 
The amount of . energy 
lost due to each type of fault has been calculated and the 
results used to assess the effects of the faults on the annual performance of the 
PV systems. Conclusions have been drawn on the presence and impact of faults in 
the monitored PV systems and recommendations are made to minimise faults in 
future projects. 
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7.1. Review of faults 
7.1.1 Types of faults 
The five types of fault considered in this study (listed in Section 2.2.2) were: 
component failure; inverter shutdown; system isolation; shading; and inverter MPP 
tracking failure. Three diagnostic methods were used to identify these faults: i) zero 
efficiency faults, ii) shaded faults and iii) non-zero efficiency non-shaded faults 
(Table 7-1). The zero efficiency faults were investigated further by studying the 
duration of the faults. A zero efficiency fault that was sustained over a long time 
period (i. e. a day or more) was identified as component failure or system isolation. 
Brief zero efficiency faults were identified as inverter shutdown, system isolation or 
extreme cases of shading or inverter MPP tracking. 
Table 7-1: Fault diagnostic methods 
Name of diagnostic Faults Identified Diagnostic method 
method 
Component failure Identify faults with zero Sustained faults 
System isolation efficiency 
(no power output) 
and long time periods 
Zero efficiency faults Inverter shutdown 
System isolation 
Identify faults with zero 
Brief faults efficiency (no power output) Extreme shading or and short time periods MPP tracking 
Shading faults Shading Identify faults based on the sun 
positions when the faults occur 
Non-zero efficiency Inverter MPP tracking failure 
The faults remaining after the 
non-shaded faults Other faults zero efficiency and shading faults have been isolated. 
Normal operation was defined in Section 2.2.1 as the operation of a well designed 
PV system with no faults occurring. The system efficiency curves developed in 
Section 5.4.2 predict the average efficiency at normal operation for different 
irradiance levels. The effect of the faults can be described as the reduction in 
efficiency from normal operation to the actual measured efficiency (Figure 7-1). To 
simplify the fault analysis, it was assumed that only a single type of fault could 
occur in each five minute recording period. For example, a fault detected in a five 
minute recording interval could be identified as either shading or a non-zero 
efficiency non-shaded fault, but not as a combination of the two. Descriptions and a 
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review of the literature for each type of fault are presented below. 
Efficiency 





EFFECT OF FAULTS 
Actual operation 
Figure 7-1: Schematic diagram of reduction in efficiency due to faults 
7.1.2 Component failure 
Failure of a component in a PV system which results in a complete stop in 
electricity generation is defined as component failure. The components of the 
monitored PV systems are subject to occasional failure and in such cases 
maintenance work or replacement of the component is usually required. Reasons 
for component failure are: a failure in the PV modules; a malfunction of the inverter; 
a break in the continuity of the DC or AC cabling; and failure in the other balance of 
system components. Component failure is likely to cause long periods of zero 
power output due to the time taken between the failure occurring and the 
maintenance work being carried out. 
7.1.3 System isolation 
System isolation is defined as times when a PV system is isolated from the mains 
electricity grid by the household consumer unit, the AC lockable isolator, AC spur 
or DC isolator (see Figure 3-4). Once isolated, the system would have zero power 
output. This fault occurs if the system is isolated for regular electrical maintenance 
work on the house. The system could also be automatically isolated by the 
household consumer unit. Whether the fault occurs for a short or long period of 
time depends on how soon the system is reconnected to the mains grid. 
-118- 
7.1.4 Inverter shutdown 
The inverters have in-built safety procedures which shut down the inverter if 
necessary and stop all electricity generation. This type of fault is defined as inverter 
shutdown and had two main causes. If the inverter detects the loss of the AC 
mains electricity grid then shutdown occurs. This can be caused by a failure in the 
mains grid (a power cut) and prevents the PV system operating independently of 
the grid, a process known as islanding. The mains grid provides a stabilising effect 
on the voltage and frequency of the AC power output from the inverter and without 
this stabilising effect the output voltage or frequency can vary significantly. High 
voltages can lead to dangerous conditions within the building and damage to the 
electrical appliances. To avoid this situation inverters are designed only to operate 
if connected to the mains electricity grid. This safety feature is common to all grid 
connected inverters. 
The inverters have a further safety feature which shuts down the inverter if the 
voltage of the mains electricity is too high or too low. The UK Engineering 
Recommendation G83/1 states that inverters must switch off if the mains voltage 
rises above 264 V (Energy Networks Association, 2006). At weak points in the 
mains electricity network, for example at the end of a low-voltage distribution line, 
the grid voltage can rise or fall significantly. Inverter shutdown is a precautionary 
measure as the PV systems themselves could be contributing to the change in 
voltage. 
Like component failure and system isolation, inverter shutdown is indicated by zero 
power output being recorded during daylight hours. As inverter shutdown is caused 
by transient effects of the mains grid the faults are likely to be brief and, unless the 
auto-restart failed, not continue for many hours or days. 
7.1.5 Shading 
Shading reduces the amount of 'solar irradiation received by a PV array and thus 
lowers the system efficiency. The effect of shading is most pronounced during 
bright, clear conditions when external objects block the direct beam solar 
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radiation25. In cloudy conditions with a high proportion of diffuse solar radiation26 
the effect of shading is reduced. Some PV arrays can be self-shading if the 
modules are in different planes (for example an array of tilted modules mounted in 
rows one behind the other). For most building integrated PV systems (including the 
systems in this study) the modules are in a single plane and shading is caused by 
surroundings object such as chimneys, stacks, aerials, other buildings, street 
furniture (for example signs or lamp posts) and trees. 
A study by Kawamura et al. (Kawamura et al., 2003) showed the current and 
voltage behaviour of PV modules under shadow. Different transmittance values of 
shadow (from 25% to 100%) and a number of different irradiance levels were used. 
The current output of a PV module decreased significantly, by over 50% in some 
cases, when a small proportion of the module area (a single cell) was under a 
shadow of 35% transmittance. A literature review of the effects of shading by 
Woyte et al. (Woyte et al., 2003) stated that this effect was similar for PV arrays 
and the shading of part or all of one, module could significantly decrease the array 
power output (quoted from Kovach, 1995). 
The effects of shading on the performance of PV systems have been estimated 
using several techniques. A simple analysis, presented by Decker and Jahn, 
compared the electricity generation of two identical, nearby PV systems, one of 
which was strongly shaded (Decker and Jahn, 1997). The difference in the 
performance of the two systems was used to identify the shading effect. A study by 
Ransome et al. (Ransome et al., 2004) also used comparisons between shaded 
and non-shaded systems, and measurements of array current and voltage, to 
identify shading. A modelling approach taken by Kovach and Schmid (Kovach and 
Schmid, 1996) used a three dimensional building model, a ray tracing technique 
and a PV cell model to simulate the shading losses. Photographic techniques, by 
Heilscher et al. (Heilscher et al., 1998) and Oozeki et al. (Oozeki et al., 2005), used 
fish-eye photography to estimate the sun positions when shading would occur and 
25 The direct beam component of solar radiation is the radiation that passes straight through the atmosphere 
without scattering before it reaches the Earth's surface 
28 The diffuse solar radiation is the component of the radiation which has been scattered by particles in the 
atmosphere before reaching the Earth's surface 
-120- 
to quantify the energy loss due to shading. 
A technique to calculate a 'shading factor' was presented by Uchida et al. (Uchida 
et al., 2001). This approach used hourly monitored data from PV systems and was 
unique because the shading effect could be identified solely from monitored data. 
No site visits or comparisons with other nearby non-shaded systems were 
required. The hourly data was split into separate months and for each month the 
maximum values of energy generation for each hour (i. e. 00: 00,01: 00 ... 23: 00) 
were extracted. It was assumed that the maximum values represented the PV 
system operating on a bright clear day with high direct beam solar radiation. Any 
difference between the maximum energy generation values and the expected 
energy generation (calculated using irradiance data) was identified as an effect of 
shading. The shading effects were investigated for each month in turn and a 
monthly shading factor (the percentage energy loss due to shading) was 
calculated. 
7.1.6 Inverter MPP tracking failure 
In normal operation there is a continual and fluctuating loss in power output due to 
inverter MPP tracking (as observed in Section 6.2.7). Inverter MPP tracking failure 
occurs if the operating voltage of the PV array moves far away from the MPP 
voltage and thus causes a significant decrease in power output. This can occur if 
there are large rapid changes in the MPP voltage (for example during times of 
shading or of large irradiance fluctuations) such that the MPP tracking routines in 
the inverter cannot react fast enough to match the change in the MPP voltage. In 
such a situation, it can take some time for the MPP tracking routines to return the 
operating voltage to the MPP voltage, resulting in low efficiency for this period of 
time. No reference to this effect has been found in the literature but the effect is 
known within the PV community, sometimes under the name 'inverter dropout'. 
7.2. Fault detection and identification 
7.2.1 Detection of faults 
The faults were detected in the monitored data using the Gaussian distribution 
techniques to separate normal operation and faults as demonstrated in Section 
5.4.3. Fault detection was carried out at Corncroft for the first and second year of 
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operation and at Heron Close for the first year of operation. At Panmure Street, 
because the majority of the winter data was not reliable (due to the shading of the 
radiation sensor described in Section 4.3.2), the faults were not analysed. Unlike 
the analysis of normal operation, which could assess the performance of the 
Panmure Street systems based on a proportion of the annual data set, the fault 
analysis requires accurate irradiance data throughout the year. Taking two 
Corncroft systems (in their first year of operation) and two Heron Close systems as 
an example, the fault detection identified the efficiency values caused by faults 
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Figure 7-2: Irradiance to system efficiency relationships for selected Corncroft 
and Heron Close systems. The faults (shown in black) lie below the fault efficiency 
curve defined in Section 5.4.3 (shown in red). 
At CC 5 there were occurrences of zero efficiency and low efficiency values for all 
levels of irradiance. There were also a significant number of low efficiencies at high 
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irradiance, around 0.8 kW/m2, which suggested that shading could be the cause of 
the faults (as the effect of shading is greatest on bright sunny days). CC 21 had 
fewer faults, mainly concentrated at low irradiance (below 0.3 kW/m2) and just 
beneath the fault efficiency curve. Low irradiance faults, with efficiencies slightly 
lower than normal operation, were observed in all the Corncroft systems (see 
Appendix E. 1.1 and E. 1.2). HC 5 also had a small number of faults, but many at 
zero efficiency. HC 7 had faults throughout the range of irradiances and the 
efficiencies appeared to concentrate at levels close to, or at, zero. There was no 
indication of shading at HC 7 and this suggested that the faults may have been 
caused by component failure, system isolation, inverter shutdown or inverter MPP 
tracking failure. 
7.2.2 Zero efficiency faults 
Zero efficiency faults are defined as occurrences of zero power output during 
daylight hours. They were identified in the datasets as faults with five minutely 
efficiency values of zero. Any faults immediately before or after such a fault were 
also identified as a zero efficiency fault. This was because a fault with zero 
efficiency which began in the middle of a five minute recording interval would be 
recorded as low but not zero efficiency in the five minute average value. Similarly a 
low but. non-zero efficiency would occur at the end of the fault if it ended part way 
through a five minute recording interval. 
Taking the four example systems described in Section 7.2.1, the time and date of 
each zero efficiency fault was determined (Figure 7-3). Plots for all the datasets are 
provided in Appendix E. 2. The Corncroft systems were monitored from June 2002 
to May 2003 and the Heron Close systems from February 2004 to January 2005. 
The sunrise and sunset times illustrate the times of day when the PV systems 
should operate. The systems did not operate immediately after sunrise or 
immediately before sunset because the irradiance was too low or the sun was 
behind the plane of the PV array. CC 5 and CC 21 had few zero efficiency faults. 
HC 5 had a large number of zero efficiency faults which includes a period of 
sustained faults between June 2004 and January 2005. HC 7 also had a large 
number of zero efficiency faults, but the faults were brief and rarely lasted for more 
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Figure 7-3: Zero efficiency faults on date and time axes for selected Corncroft and Heron 
Close systems. Each five minute period of a fault with zero efficiency (or adjacent to a zero 
efficiency fault) is shown as a red point. The times of sunrise and sunset are shown as black 
lines. 
Zero efficiency faults which were sustained for a day or longer were attributed to 
component failure or system isolation (see Table 7-1). The long period of zero 
efficiency faults at HC 5 (Figure 7-3) was caused by a faulty inverter which was 
replaced in mid January 2005. Similar periods of sustained zero efficiency faults 
were also identified at CC 0, CC 2 and CC 17 through inspection of the datasets 
(Table 7-2). At CC 0 and CC 17 the problem causing the zero efficiency faults 
corrected itself and this suggested that the systems had been isolated and not 
reconnected to the mains for some time. At CC 2 and HC 5 the fault was caused 
by component failure. The inverters had malfunctioned and needed to be replaced. 
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April 2003 to Appendix E. 2.1 Not known. This problem corrected itself so cc 0 August 2003 and E. 2.2 
this may have been caused by system 
isolation 
CC 2 March 2003 to Appendix E. 2.1 Faulty inverter which was replaced in November 2004 and E. 2.2 November 2004 
August 2003 to Not known. This problem corrected itself so 
CC 17 November 2003 Appendix E. 2.2 this may have been caused by system 
and May 2004 isolation 
HC5 June 2004 to Figure 7-3 Faulty inverter which was replaced in mid January 2005 January 2005 
All of the four example systems also'contained brief zero efficiency faults (Figure 
7-3). The causes of these faults were attributed to inverter shutdown, system 
isolation and extreme cases of shading and inverter MPP tracking. 
Zero efficiency faults occurring simultaneously in PV systems on more than one 
building on a site were deemed to be external events, in particular unusual events 
in the mains voltage or a power cut. This could cause inverter shutdown and, as 
the systems at each site were connected to the same grid, it was likely that any 
inverter shutdown would not be an isolated event but observed simultaneously in 
several systems. In the case of power cuts the effects would be seen at all the 
systems at the site. Under high or low voltage some inverters may shutdown but 
others may not, depending on the sensitivity of the inverter voltage sensors. As an 
example, zero efficiency faults occurred in eleven systems at Corncroft on 1st June 
2002 (see Figure 7-3 and Appendix E. 2.1). As the faults occurred simultaneously in 
more than one system, this indicated inverter shutdown due the behaviour of the 
mains grid. Details of this example are discussed further in Appendix E. 2.4. 
HC 5 had a large number of brief zero efficiency faults before the component 
failure occurred (from February to June 2004) and HC 7 had a large number of 
brief faults throughout the year (Figure 7-3). This suggests a significant problem of 
inverter shutdown or extreme cases of shading and inverter MPP tracking failure. 
The other Heron Close systems had fewer zero efficiency faults. There are 
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examples of the zero efficiency faults occurring simultaneously in the Heron Close 
systems (see Appendix E. 2.3) and this is discussed further in Appendix E. 2.4. 
7.2.3 Shading faults 
Shading occurred when the position of the sun was such that an external object 
was between the sun and the PV array. As the arrays were stationary, and 
assuming the shading object did not move with time, the position of the sun was 
the determining factor of the shading effect. In previous studies (for example 
Uchida et al., 2001) the shading effect was taken to be a function of the time of day 
and time of year. However the use of sun position removes the need to consider 
these additional variables. 
To identify shading effects, 'the position of the sun was calculated for each five 
minute interval using the time and date and the latitude of the PV site. The details 
of the sun position calculations are provided in Appendix A. Sun position was 
defined by the solar azimuth a and elevation P. Solar azimuth is the angle between 
the bearing of the sun and due south, where east is taken to be positive and west 
negative. Solar elevation is the angle made between the sun and the horizon. As 
an example, the sun positions for each five minute recording interval at Corncroft 
for the first day of each month in the first year of operation are shown in Figure 7-4. 
This illustrates the variation in solar azimuth and elevation throughout the year. 
Three separate plots are used to cover the time period from June 2002 to May 
2003. 
The size of shading objects that occur in the built environment meant that, if a fault 
was caused by shading, it was likely that there would be further faults at nearby 
sun positions. Thus shading was identified when a high number of faults occurred 
within a small region of specific sun positions. The shading analysis ignored the 
zero efficiency faults already identified in Section 7.2.2. It was also found that high 
concentrations of faults appeared to occur at the beginning and end of each day 
corresponding to high solar incidence angles27. These faults were ignored in the 
shading analysis so that only shading from significant shading objects (rather than 
27 Solar incidence angle is the angle made between a line drawn between the PV array and the position of the 
sun and a line normal to the PV array. 
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from objects close to the horizon) was investigated. Any faults which occurred at 
solar incidence angles of greater than 80° were ignored in the shading analysis. 
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Figure 7-4: Calculated sun positions at five minute intervals for the fist day of every month in 
the first year of operation at Comcroft, June 2002 to May 2003 
The remaining faults were plotted on solar azimuth versus solar elevation axes. For 
the four example systems, these plots showed the sun position regions where the 
faults were most concentrated (Figure 7-5). This type of plot has been termed a 
sun position fault plot and similar plots for all the monitored PV systems are shown 
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Figure 7-5: Sun position of faults for four systems at Corncroft and Heron Close 
CC 5 had a high concentration of faults in the middle of the day (-40° <a< 400) 
and in autumn, winter and spring (ß < 40°) and a low concentration in summer (at 
high solar elevations). A large tree was located to the south of the PV array and the 
high concentration of faults around zero solar azimuth illustrates the shading effect 
of the tree. CC 21 had no external objects which could block the solar radiation and 
the sun position fault plot shows minimal concentration of faults around sun 
positions with low solar elevation. The HC 5 sun position fault plot showed no fault 
concentration with sun position. HC 7 had many faults which were spread 
throughout the possible sun positions but with no obvious concentration of points 
within a particular sun position region. 
A rules-based system was developed to identify which of the faults in the sun path 
plots were caused by shading. It was assumed that shading would occur at similar 
sun positions and so a concentration of poor performance points in a particular 
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region of sun position would indicate a shading effect. About each individual fault a 
region of sun positions was defined as: 
ao-da/2 <a< ao+da/2 
ßo-4912 <ß< ßo+d 
where ao and ßo were the solar azimuth and solar elevation of the fault and 'a and 
Aß describe the width and height of the sun position region. 
From inspection and several trials, the size of the sun position' region was fixed at 
Aa = 10° and AP = 5°. The number of faults within this region was calculated and 
expressed as a percentage of the total number of five minute sun positions that 
occurred within the region. A fault concentration parameter FC was defined to 
describe the concentration of faults and calculated using the following equation: 







where FCaopo is the fault concentration about sun position ao ßo, F is the number 
of faults within the sun position region and S is the number of five minute sun 
positions within the sun position region. 
As an example, at CC 5a fault occurred at sun position a= 11.5° and ß= 40.5° 
(Figure 7-6). The sun position region is 6.5° <a< 16.5° and 38.0° <p< 43.0°. 
Sixteen faults occurred in this sun position region during the first year of operation 
and the total number of five minutely values when the sun was within the region 
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Figure 7-6: Example of the sun position region used in fault concentration calculations for a 
fault with sun position a= 11.50 and = 40.5° at Corncroft system 5 in the first year of 
operation 
For the four example PV systems at Corncroft and Heron Close, the fault 
concentration values were calculated (Figure 7-7). Plots for all the monitored PV 
systems are shown in Appendix E. 4. At CC 5 the fault concentration was greater 
than 20% for sun positions -40° <a< 400 and ß< 40° which suggested shading 
occurred in this region. There were few high fault concentration values at CC 21 
and HC 5 which indicates no shading. At HC 7a large number of high fault 
concentrations (greater than 20%) were observed. These were scattered over a 
wide area of sun positions with many at high solar elevations. This was unlikely to 
be caused by shading, which would tend to concentrate around smaller ranges of 
sun position and would not normally occur at high solar elevations (i. e. in the 
summer) unless very tall or close external shading objects were present. A site visit 
to Heron Close showed that HC 7 had no external shading objects. The high fault 
concentrations were instead caused by the high number of non-shading (and non 
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Figure 7-7: Sun position and fault concentration of faults for four systems at Corncroft and 
Heron Close. The fault concentration of each fault is shown in colour. 
One disadvantage of analysing annual datasets was that faults recorded at 
different times of the year could have similar sun positions and be considered 
together when calculating the fault concentrations. This was because the position 
of the sun moved in the same region in a repeating six month cycle from the winter 
solstice to the summer solstice and vice versa (as shown in Figure 7-4). A shading 
fault analysis is therefore possible for each distinct six month period and such an 
approach avoids the overlaying of points on the sun position fault plots. This type 
of analysis is explored in Appendix E. 4.4 and shows that the area of high fault 
concentrations seen at CC 5 (Figure 7-7) repeated in every 6 month period over 
the first two years of operation. The size of the high fault concentration area was 
less in the spring months than the autumn months, an effect that could be 
explained by the growth of the leaves of the shading tree (the leaves would be 
larger in autumn). At HC 7 the area of high fault concentration did not repeat in 
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each six month period and this result supports the proposition that shading was not 
the cause of the faults at HC 7. 
7.2.4 Validation of shading fault analysis 
To validate the shading fault analysis technique an alternative method of 
estimating the shading effect was carried out. A model was developed which used 
the site geometry to estimate the shading effect of external objects. This model 
simulated various sun positions and calculated the percentage area of the PV array 
that was in shade for each position. The model results were compared to the sun 
positions of faults identified as shading in the shading analysis. The model was 
original and written by the author using the IDL software (RSI, 2005). 
At Corncroft, CC 5 was chosen to be modelled and a site visit was made to the site 
to study the site geometry. There were several external shading objects: a large 
tree to the south of the PV array; smaller trees from south east to south west; and 
a porch roof to the west (Figure 7-8). Using measurements of the site geometry, 
the PV array and surrounding objects were recreated as a three dimensional model 
(Figure 7-9). 
Figure 7-8: Systems 4 and 5 at Corncroft (system 5 is the PV array on the left). The large tree 
to the south is the middle tree in the photograph. The west porch roof is to the left of the PV 
array in the photograph and the other surrounding trees can be seen. 
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Figure 7-9: 3-D model of site geometry for system 5 at Corncroft. The house walls and roofs 
are outlined in red and the PV array is the rectangle of black dots. The porch roof to the west 
of the array is outlined in black and trees are shown in blue. 
The PV array was represented as a flat mesh of 100 points. For each sun position 
throughout the monitoring period, the area of the array under shade was estimated. 
Only sun positions with solar inclination angle less than 80° were used as 
described in Section 7.2.3. The solar azimuth and solar elevation for each five 
minutely interval was calculated using the techniques described in Appendix A. For 
each sun position, a line was drawn, beginning at each of the mesh points of the 
PV array in the direction of the solar azimuth and solar elevation. This was 
equivalent to drawing a line between the mesh point and the sun. If the line passed 
through any of the external objects (the roofs, wall or trees) then the mesh point 
was considered to be shaded. If the line did not pass through any external objects 
then the point was not shaded. For each sun position, the proportion of mesh 
points under shade was used to calculate the percentage area of the array which 
was shaded. 
The simulation results show when the PV array of CC 5 is under shade during its 
first year of operation (Figure 7-10). The sun positions are represented by coloured 
points, where the colour shows the percentage area of the array which is shaded. 
No shading is represented by grey points. The array is in shade at -40° <a< 30° 
and ß< 40°, due to the large tree to the south. The percentage area of the array in 
shade at this sun position varies from 0% at the edge of the shading area to nearly 
100% in the middle. The array is also in shade at a< -40° and ß< 15°, which 
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represents the effect of the tree to the south west and the porch roof to the west; 
the maximum shaded area covered by these two objects is around 70%. The 
remaining trees in the model have little or no shading effect on the array and for 
the remaining sun positions the array is free of shade. 
Shading model Shading data analysis 
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Figure 7-10: Results of the shading model (left) and the fault concentrations (right - from the 
shading fault analysis in Section 7.2.3) for CC 5 in the first year of operation. Only sun 
positions with inclination angle less then 800 are used. In the shading model plot, the 
percentage area of the array in shade is shown by the colours in the legend and no shading 
is shown by the grey points. 
The sun positions for which the model predicted the array at CC 5 to be shaded 
were similar to the sun positions in the sun path plots of shading faults (Figure 
7-10). The effect of the large tree to the south of the array can be seen in both 
results, although the sun position fault plot derived from the shading fault analysis 
showed the area of shading to be slightly larger than the model prediction. One 
reason for this could be that the size of the tree has been underestimated in the 
model geometry. The comparison of the model and sun path plot results for CC 5 
validated the shading fault analysis. The comparison was also used to assess the 
fault concentration level at which shading occurred and fault concentrations with 
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Figure 7-11: Results of the shading model and the identified shading for CC 5 in the first year 
of operation. Only sun positions with inclination angle less then 80° are shown. Identified 
shading is shown on the sun position fault plot by red points. 
Sun position regions with a fault concentration over 12% were identified for all the 
monitored PV systems and the results are shown in Appendix E. 5. At Heron Close, 
values of high concentration which did not repeat in subsequent 6 month periods 
(see Appendix E. 4.4. ) were not identified as shading. 
Further visual verifications of the analysis method were made by comparing other 
results from Corncroft with the observed site geography. For example, the shading 
effect of the large tree to the south of CC 5 was also identified in CC 4 (located 
adjacent to CC 5 to the east) and CC 6 (located adjacent to CC 5 to the west) as 
shown in the sun position fault plots of Appendix E. 5.1 and E. 5.2. 
7.2.5 Inverter MPP tracking faults 
The inverter MPP tracking faults are defined as the faults which were not identified 
as zero efficiency or shading faults. Although this technique of assigning the 
remaining faults to inverter MPP tracking failure does not actively identify the faults 
as such, the analysis in this section shows that inverter MPP tracking failure was 
the likely cause of the majority of the remaining faults. However this definition 
meant that faults other than inverter MPP tracking faults could be included in the 
inverter MPP tracking fault category. Such additional faults might include shading 
faults which were not identified in the shading fault analysis or faults due to 
unidentified additional causes. It was assumed the occurrence of such additional 
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faults was small. 
For the four example systems at Corncroft and Heron Close, the zero efficiency28, 
shading and inverter MPP tracking faults were plotted on the irradiance against 
efficiency plots (Figure 7-12). In all four systems there was a significant number of 
the inverter MPP tracking faults. At CC 5, CC 21 and HC 5 many of these faults 
had relatively high efficiencies and were close to the lower boundary of normal 
operation, especially at lower irradiances (less than 0.3 kW/m2). At HC 7 however 
the inverter MPP tracking faults occurred at all levels of efficiency, from zero up to 
the lower boundary of normal operation. The faults at HC 7 appeared to 
concentrate about two areas: near to the lower boundary of normal operation at 
irradiance less than 0.3 kW/m2; and close to zero efficiency at irradiance greater 
than 0.3 kW/m2. 
In the cases when two or more inverter MPP tracking faults occurred sequentially 
in the five minutely data, such occurrences were classified as single faults with 
durations of greater than five minutes in length. Although there were many inverter 
MPP tracking faults in the four example systems (Figure 7-12), the majority were 
brief faults with small durations. Frequency histograms of the fault durations at the 
four systems show that the most frequent fault duration was five minutes (Figure 
7-13). The faults could have been of shorter duration but five minutes is the limit of 
resolution with the monitored data. At higher values of fault duration, the frequency 
of faults decreased significantly. 
28 The zero efficiency faults also include faults immediately before or after a zero efficiency fault as described 
in Section 7.2.2 
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Figure 7-12: Irradiance to system efficiency relationships for selected Corncroft and Heron 
Close systems. Normal operation is shown in grey, zero efficiency faults in blue, shading 
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Figure 7-13: Duration of inverter MPP tracking faults for selected Corncroft and Heron Close 
systems. 
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The majority of the identified inverter MPP tracking faults at CC 5, CC 21 and HC 5 
can be described as short-lived faults with relatively high efficiencies slightly below 
normal operation efficiencies. This is consistent with expectations for inverter MPP 
tracking failure due to the relatively short time taken for the tracking routines to 
return the operating voltage to the MPP voltage (as described in Section 6.1.6). It 
is also likely that many such faults will have efficiencies which are only slightly 
below normal operation. The similarity between the identified faults and the 
expected characteristics provides confidence in the technique of assigning the 
remaining faults not identified as zero efficiency or shading to the inverter MPP 
tracking fault category. Further analysis of these faults investigated the occurrence 
of the inverter MPP tracking faults with fluctuations in solar irradiance and this is 
discussed in Appendix E. 6.4. At HC 7 there were consistent low efficiency faults 
which suggested very severe inverter MPP tracking failure or further unidentified 
faults. 
7.3. Energy loss due to faults 
7.3.1 Number of faults 
The techniques in the previous section identified a significant number of faults in 
the monitored PV systems. To investigate the extent of the faults, the number of 
faults that occurred during operational hours was calculated. Operational hours are 
defined as daylight hours when in-plane irradiance is greater than 50 W/m2, i. e. the 
time when a PV system should be operating. For each PV system the total number 
of faults that occurred during operation was expressed as a percentage of 
operational hours. For example, at CC 5 in the first year of operation there were 
36,488 five minute recording intervals during operational hours and of these 3,974 
were faults. Therefore faults occurred for 10.9% of the operational hours. Summary 
statistics of these values were calculated (Table 7-3) and results for each system 
can be seen in Appendix E. 7. 
The Corncroft systems suffered faults for an average of 7.1% of operational hours 
in the first year of operation and 8.2% in the second year of operation. At Heron 
Close, faults occurred for an average of 19.9% of the time. This shows that faults 
occurred in significant quantities at both sites. Such a result has not been observed 
in previous studies and demonstrates the effectiveness of high resolution 
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monitoring in detecting short lived faults. 
Table 7-3: Mean and range of percentage of operational hours during which faults occurred 
Site Sustained Brief zero Shading Inverter MPP Total faults 
zero efficiency faults tracking 
efficiency faults faults 
faults 
Average value (% of operational hours) 





O to 18.0 
0.1 
O to 1.1 
3.0 
O to 8.1 
2.9 
1.7 to 4.5 
7.1 
1.8 to 27.9 
Comcroft 3.4 0.3 3.1 1.3 8.2 
Year 2 
(22 systems) 0to41.6 0to2.2 0to9.6 0.5tol. 8 0.5to47.5 
Heron Close 11.7 1.3 0.6 6.2 19.9 
(5 systems) 0 to 58.6 0.1 to 4.9 0.1 to 1.5 1.6 to 12.9 6.0 to 60.7 
7.3.2 Calculation of energy losses 
The energy losses due to faults were calculated to assess the effects on the 
performance of the PV systems. The energy losses were converted into 
performance ratio losses to investigate the impact on annual performance ratios. It 
was assumed that, if the faults had not occurred, the PV systems would have 
operated at normal operation, with an efficiency given by the normal operation 
system efficiency curves as defined in Section 5.4.2. For each fault, the energy 
loss was calculated based on the difference between the efficiency whilst operating 
in a fault manner and the efficiency at the same irradiance under normal operation. 
Taking as an example a single five minute recording interval at HC 4, a fault 
occurred at an irradiance of 600 W/m2 and produced an efficiency of 0.040 (Figure 
7-14). If the fault had not occurred, and the system had been at normal operation, 
then the efficiency can be estimated to be 0.087 (given by the system efficiency 
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Figure 7-14: Example of fault energy loss calculations using the Heron Close system 4 
system efficiency curve (defined in Section 5.4.2) 




)x G; A 
where eF is the energy loss due to an individual fault (kWh); nNO,, is the system 
efficiency of normal operation at irradiance i; f1F is the system efficiency of the fault; 
G, is the in-plane solar irradiation energy (kWh/m2); and A is the area of the PV 
array (m). 
Continuing the example of HC 4 above for a single fault occurring at 600 W/m2 
(Figure 7-14), the fault efficiency was 0.040 and the normal operation efficiency 
was 0.087. For a five minutely irradiance of 600 W/m2, the irradiation received over 
the five minute period was 50 Wh/m2 and the array of the array was 11.7 m2. The 
energy loss due to the fault is calculated as 27.5 Wh. 
In Section 7.1.1 four types of faults were identified: sustained zero efficiency; brief 
zero efficiency; shading; and inverter MPP tracking failure. The annual energy loss 
was calculated for each type of fault by: 
E,:. = e,,. 
where EF is the annual energy lost due to a type of fault (kWh); and n is the total 
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number of faults of this type in the annual data. 
Based on the definition of performance ratio as described in Section 2.1.1, the 
annual loss in performance ratio due to each type of fault was calculated as: 
El 
G, A PR1oss = 
77src 
where PRIoss is the annual loss in performance ratio due to the type of fault; and G, 
is the annual total in-plane solar irradiation (kWh/m2); and gsrc is the rated 
efficiency of the PV modules. 
7.3.3 Annual energy losses 
The reductions in annual performance ratio for each type of fault were calculated 
for Corncroft in the first and second year of operation and for Heron Close in first 
year of operation (Table 7-4). The annual performance ratios of normal operation 
(the estimated performance if no faults had occurred) were calculated from the 
system efficiency curves as described in Section 6.3.2 and the actual annual 
performance ratios from the recorded data. The mean, standard deviation and 
range of values for each set of annual results are shown. Annual results for the 
individual systems are given in Appendix E. 8. The loss due to faults was defined as 
the difference between the normal operation and actual operation (Section 7.1.1). 
However in the annual totals the difference between normal operation and actual 
operation is not precisely equal to the sum of the losses due to faults, because the 
estimation of the normal operation annual performance ratio is based on the 
system efficiency curves. 
The faults reduced the average annual performance ratios at Corncroft from 77.6% 
to 75.7% in the first year of operation and from 76.9% to 72.5% in the second. The 
significant faults at Comcroft are sustained zero efficiency loss (1.0% and 3.2% 
averages) and shading (1.1% and 1.2% averages). Sustained zero efficiency faults 
only occurred in three of the systems but it had a dramatic effect on performance 
ratio, with a maximum loss of 38.5% for one system. The average shading losses 
at Corncroft were similar in both years and the maximum shading loss was 5.2%. 
The remaining faults at Corncroft, brief zero efficiency loss (0.1% and 0.3% 
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averages) and inverter MPP tracking failure loss (0.5% and 0.3% averages), had a 
smaller effect on performance. 
Table 7-4: Annual performance ratio and losses in normal operation 
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At Heron Close the faults caused a reduction in average annual performance ratio 
from 64.2% to 51.8%. This was largely due to high sustained zero efficiency faults, 
brief zero efficiency faults and inverter MPP tracking failure. The high sustained 
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zero efficiency loss was due to a single system with an individual component 
failure loss of 36.7%. Brief zero efficiency loss (1.4% average) was low in three of 
the systems (from 0.1% to 0.3%) but high in two systems (1.1% and 5.5%). The 
losses due to inverter MPP tracking failure (3.1% average) were also low in the 
same three systems (from 0.5% to 1.7%) and high in the other two systems (2.8% 
and 9.3%). Shading loss at Heron Close (0.2% average) was low for all the 
systems. 
Both sites had significant sustained zero efficiency losses caused by component 
failure which reduced the annual performance ratios of a small number of systems. 
Component failure could have been minimised by quick detection and correction of 
the failure (through maintenance work and the replacement of components). 
Shading loss was higher at Corncroft than Heron Close due to the presence of 
nearby trees and other shading objects. The slight increase in the shading loss 
during the two years of operation at Corncroft (from an average of 1.1% to 1.2%) 
may be the results of the growth of the trees. The maximum shading loss at 
Corncroft was 5.2%. Although the shading did reduce the performance of the 
systems, the magnitudes of the shading losses illustrate that it is possible to site 
PV systems in positions of partial shade and still achieve good annual performance 
ratios. However such an approach should take into account the possibility of 
additional stress being placed on the system components due to shading. 
The brief zero efficiency loss and inverter MPP tracking failure loss were high at 
Heron Close. Both losses had their highest values at HC 6 and HC 7 which 
suggested that these losses may be caused by the same or similar effects. It is not 
clear why only these two systems at Heron Close had such high losses. Brief zero 
efficiency loss caused by the mains electricity network (power cuts or voltage 
variation) should to some degree affect all of the PV systems on the site as they 
share the same grid. Inverter MPP tracking failure, caused by fast changes in 
irradiance, should also affect all the systems similarly as they were all subject to 
the same solar irradiance conditions. One possibility is that the inverters at HC 6 
and HC 7 were behaving differently to the others at Heron Close, and the high 
losses were caused by inverters particularly prone to inverter shutdown, inverter 
MPP tracking failure or other unidentified faults. 
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7.3.4 Comparison with previous studies 
Previous studies which examined faults in PV systems were discussed in Chapter 
2 (Oozeki et al., 2003; Stettler et al., 2005, Baltus et al., 1998; Kiefer et al., 1995) 
and in the literature review of faults in Section 7.1. In those studies component 
failure loss was quoted as a reason for low annual performance ratios but the 
degree of the affect on annual performance ratios was not stated. Inverter 
shutdown and inverter MPP tracking faults have not been discussed in previous 
studies because these brief faults can only be detected with the high resolution, 
short recording interval data as used in this work. Many of these faults were under 
15 minutes in length and would not be detected in studies based on data with 
recording intervals of half hourly or greater (for example Oozeki et al., 2003; 
Stettler et al., 2005). 
Shading loss was difficult to compare to other studies as the magnitude of the loss 
varied with individual site geometry and external shading objects. Oozeki et al. 
gives shading losses as 4% on average for 421 systems, Kiefer et at. gives 5% to 
10% for six systems and Baltus et al. gives 11% for a single system. The 
magnitude of estimated shading losses in this work was about 2% to 5% for the 
shaded systems at Corncroft. 
7.3.5 Critical appraisal of this approach 
The fault analysis techniques required a high accuracy in the monitored 
performance data. The data for Panmure Street and many of the Heron Close 
systems could not be analysed due to measurement errors in the monitored data 
(as described in Chapter 4). The techniques also required monitored data with a 
short recording interval to capture the inverter shutdown and inverter MPP tracking 
faults with short durations. The analysis could be carried out on data with a larger 
recording interval (for example hourly data) but these faults would not be detected. 
The approach did not allow combinations of faults to be identified and each fault 
was assigned to a single cause. To identify multiple faults would require monitoring 
of individual system components. Minor faults which caused only a slight drop in 
efficiency were not detected if the efficiency values still lay within the boundaries of 
normal operation. This could potentially lead to underestimation of the energy 
losses for repeated minor faults such as very slight shading. 
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The techniques identified faults with short time periods of around 5 minutes in the 
data sets. However the reasons for such faults were not always accurately defined. 
In particular inverter MPP tracking faults were inferred from the data and not 
explicitly identified. More detailed monitoring would be required to ascertain the 
exact nature of these faults. 
7.4. Summary 
This chapter has demonstrated new monitoring techniques to identify faults in PV 
systems. Four types of faults were considered: sustained zero efficiency; brief zero 
efficiency; shading and inverter MPP tracking failure. A literature review of each 
fault has been presented and the faults were identified through investigation of the 
patterns and trends in five minutely monitored data. The high resolution monitored 
data enabled brief faults (of around five minutes in length) to be detected. Such 
short lived faults have not been reported in previous studies. Zero efficiency faults 
were analysed in comparison to neighbouring systems and a novel technique 
identified shading faults by considering the position of the sun where faults 
occurred. 
The monitoring techniques were used to estimate the losses in annual 
performance ratio caused by the faults for the monitored PV systems at Corncroft 
and Heron Close. The results were compared to previous studies and a critical 
appraisal of the techniques has been presented. The monitoring techniques 
demonstrate a new approach to estimating the effects of faults on PV system 
performance. These techniques could be used in a wide variety of PV system 
monitoring applications to minimise the effects of faults. For example, planning 
decisions could be made based the estimated impact of shading on annual 
performance ratios. Such an approach could be employed to raise the efficiency of 
installed PV systems and improve future PV system design. 
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8. Conclusions and Suggestions for Further 
Work 
This thesis has described the development of new PV monitoring 
techniques to improve the understanding of PV system performance. The 
techniques are based on high resolution monitored data from one hundred 
and nine domestic PV systems installed at five sites throughout the UK. Three of 
these sites, Corncroft (CC), Heron Close (HC) and Panmure Street (PS), were 
studied in detail. Solar irradiance, temperature and energy output were recorded at 
five minutely intervals for periods of up to two years. The suitability and plausibility 
of the monitored data was checked and the monitoring techniques were developed 
from data at fifty four of the PV systems. The techniques identify the effects of 
individual losses on system performance and enable recommendations to be made 
to raise the efficiency of future PV system designs. 
8.1. Main conclusions 
A new strategy for monitoring PV systems is proposed. Original analysis 
techniques are used on high resolution monitored data from a low number of 
sensors to produce a detailed understanding of system performance. This 
approach identifies and quantifies more losses than previous studies which use 
lower resolution data (i. e. hourly) or rely on pre-installation measurements and 
simulations to generate some of their results. Four monitoring parameters are 
required: solar in-plane irradiance, PV module temperature, DC power output from 
the PV array and AC power output from the inverter. The high resolution data is 
recorded at short intervals (five minutes or less) and is analysed directly without 
aggregating it into hourly or daily totals. The data plotted on efficiency versus 
irradiance plots shows a boomerang-shaped cloud of points. Statistical tests 
applied to this cloud of points enable the data to be separated into normal 
operation (times when the PV system works well) and faults (times of unexpected 
low efficiencies). The normal operation data and fault data is analysed separately 
using original techniques to identify the individual losses within each mode of 
operation. A series of 'efficiency curves' are constructed which describe the 
different stages of normal operation. Fault identification techniques include a 
shading method based on the position of the sun at each five minute interval. 
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The new monitoring techniques are applied to annual data from the monitored PV 
systems and used to estimate the reductions in annual performance ratios caused 
by individual losses. The results show which losses have the greatest effect on 
system performance and opportunities to minimise the losses are identified. The 
analysis is used to make recommendations to raise the efficiency of the monitored 
PV systems and future UK domestic PV systems. 
8.2. The new PV monitoring techniques 
The first aim of this study was 'to demonstration that high resolution monitoring and 
analysis can improve our understanding of PV system performance'. This work has 
proved that clear benefits arise from this approach. In the analysis of normal 
operation, the following types of energy losses were identified: inverter power 
derating loss (caused by undersizing the inverters); inverter DC to AC conversion 
loss; DC wiring resistive loss; temperature loss due to operating at temperatures 
other than STC temperature (25°C); inverter maximum power point (MPP) tracking 
loss; irradiance loss due to operating at irradiances other than STC irradiance 
(1000 W/m2); and mismatch and deviation from STC losses. The occurrence and 
magnitude of these losses was determined directly from the high resolution 
monitored data by analysing the trends and patterns in the relationship between 
the five minutely irradiance and efficiency values. 
Statistical methods were used to construct a series of efficiency curves describing 
the efficiency to irradiance relationship at different stages of normal operation. This 
was used to identify inverter MPP tracking losses and the average reduction in 
annual performance ratio due to this loss was between 6.0% and 12.6% (in 
performance ratio percent). Mismatch and deviation from STC losses were shown 
to be high at Heron Close and Panmure Street with average annual performance 
ratio losses of 12.4% and 14.3% respectively. This explained in part the low annual 
performance ratios at these sites. At Corncroft the average annual irradiance 
losses were calculated as negative values, which is unrealistic. Further 
investigation showed that the likely cause of these negative values was inaccuracy 
in the DC power output measurements. This highlighted the susceptibility of the 
monitoring techniques to measurement error in the monitored data. 
Four types of faults were identified: sustained zero efficiency faults which 
-147- 
represented long periods of no power output; brief zero efficiency faults where 
there was no power output for short periods; shading caused by external objects; 
and inverter MPP tracking faults caused by failure to track the array MPP voltage. 
Brief zero efficiency faults and inverter MPP tracking faults are largely unseen in 
previous studies which rely on hourly data. Many of these faults lasted for around 
five minutes and analysing the five minutely data directly allowed the short lived 
faults to be observed. Sustained zero efficiency faults caused a loss in annual 
performance ratio of 38.5% for CC 2 (system 2 at Corncroft) where the inverter 
failed and was not replaced for several months. This illustrates the need for regular 
monitoring and quick maintenance. For HC 7, brief zero efficiency faults and 
inverter MPP tracking faults caused high losses in annual performance ratio (5.5% 
and 9.3% respectively) possibly due to the effects of a faulty inverter. 
Shading faults were identified using a novel technique based on plotting each 
occurrence of faulty performance on a plot of solar orientation and elevation. High 
concentrations of faults around particular sun position regions were used to identify 
shading effects. This is an improvement on previous studies which required a site 
visit to study the site geometry or the separation of the data into months and 
individual analysis on each month. The largest loss in annual performance ratio 
due to shading was 5.2% for CC 5 where the PV system was shaded by a large 
tree to the south. HC 7 also had high fault concentrations but six monthly shading 
analysis showed that the faults occurred at different sun position regions in each 
six month period. This demonstrated that shading was not the cause of the high 
fault concentration seen at this system; a site visit confirmed that the system was 
indeed unshaded. 
This work has shown that the high resolution monitoring techniques have a clear 
benefit in improving understanding in PV system performance. The techniques 
enable the effects of individual losses and faults to be quantified and can be used 
to explain the differences in annual performance ratios of PV systems. 
8.3. Recommendations for raising PV system efficiencies 
The second aim of the work was 'to demonstrate how such monitoring can be used 
to raise the efficiency of current and future PV installations'. The application of the 
new PV monitoring techniques enables such recommendations to be made. 
-148- 
The analysis of inverter power derating and inverter DC to AC conversion loss 
showed that, for the systems studied, the optimal array to inverter rating ratio was 
from 0.76 to 0.79 (Section 6.1.2). The systems in this range (HC 4,5, and 6 and all 
at Panmure Street) had minimal inverter power derating and the lowest inverter AC 
to DC conversion losses. Systems with low array to inverter ratios (HC 7 and HC 
12, with array to inverter rating ratios of 0.59 and 0.65) had significant inverter 
derating. Systems with oversized inverters and high array to inverter ratios had 
high inverter DC to AC conversions losses. At Comcroft, where the systems have 
array to inverter rating ratios of 1.47 to 1.63, the inverter DC to AC conversion 
losses resulted in annual average losses in performance ratio of 8.2% in the first 
year and 7.9% in the second year. This was around 1% higher than the inverter 
conversion losses at Heron Close and Panmure Street. The oversized inverters at 
Corncroft also appeared to cause high inverter MPP tracking losses, although this 
may have been a result of the inaccuracy in the DC power measurements. 
Deviation from STC and mismatch caused significant losses at Heron Close and 
Panmure Street resulting in a reduction in annual performance ratio of 12.4% and 
14.3% respectively (Table 6-5). These findings require further validation (for 
example more detailed measurements of the PV modules) before reliable 
conclusions can be made about the performance of the modules. However the 
data suggests that the PV modules at Heron Close and Panmure Street were 
operating significantly below their rated efficiency. One recommendation is to 
measure the efficiency of PV modules at the installation stage to ensure that they 
are performing according to the claims of the manufacturer. 
As noted above, component failure can have a large impact on performance (with 
a 38.5% loss in annual performance ratio at CC 2). It is essential to have 
monitoring procedures in place which can quickly identify failures so that these can 
be repaired immediately thereby avoiding significant energy losses. 
The maximum calculated shading loss was a 5.2% reduction in annual 
performance ratio for a system heavily shaded in autumn and winter by a large tree 
to the south of the PV array. Although this is a significant reduction, it does 
demonstrate that PV systems can still perform reasonably under shaded 
conditions. Shading loss can be eliminated or minimised by removing the external 
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shading objects. The analysis techniques can identify the effects of shading in 
installed PV systems on a case by case basis and this could be used in decision 
making on the placement and removal of external shading objects. For example, 
this approach could determine when the cost of removing a shading object is less 
than the additional revenue generated (through electricity generation) by removing 
the object. 
8.4. Further work 
The new PV monitoring techniques could be developed further to improve their 
scope and increase their ability to provide insight into PV system performance. The 
techniques could be developed to analyse monitored data from other PV systems 
with different recording intervals. A study could investigate the benefits of using 
these techniques on lower resolution data, such as half hourly or hourly recording 
intervals. The benefits of using higher resolution data, for example with a one 
minutely recording interval, could also be investigated. If the techniques can 
provide additional insights using hourly datasets then they could be applied to the 
data from a large number of PV systems across the world. 
The techniques could be validated by conducting further studies with more detailed 
measurements of PV system performance. Such work would also determine the 
optimum number of parameters to measure. Additional measurements might 
include: measurements of voltage and current to assess inverter MPP tracking 
routines; measurements of the array temperature at multiple locations to better 
assess the effects of temperature; measuring the solar radiation with pyranometers 
to improve the accuracy of the data; and measurements of DC and AC power with 
independent power meters (instead of the in-built inverter sensors) to improve 
accuracy. 
A separate area of further work would be to extend the monitoring techniques to 
assess the impact of inverter derating on annual performance ratios. Significant 
inverter derating was observed using the monitoring techniques but its impact was 
not calculated. One method of assessing the inverter derating could be to develop 
techniques to estimate efficiency values if the derating had not occurred, and 
compare these to the loss in efficiency caused by derating. In addition the 
remaining operational losses were not calculated for systems with severe inverter 
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derating (because the derating affected efficiencies at irradiance of 1000 W/m2). 
An improvement to the monitoring techniques would be to remove this limitation. A 
further study to investigate the brief zero efficiency faults and inverter MPP tracking 
faults is also required to determine the reason for the high levels of these faults in 
the Heron Close systems. Such work might include an investigation of the 
relationship between the occurrence of these faults and fluctuations in solar 
irradiance levels. 
Finally, the import and export of electricity to and from the households was also 
monitored in this work. Similar high resolution monitoring techniques could be 
developed to analyse this import and export data. This study would determine 
which households are most suited to PV systems and the impact of the PV system 
on electricity bills. This work would investigate the economic benefits of PV 
systems for users, which is critical in encouraging the uptake of PV systems. 
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Appendix A. Calculating the Sun Positions 
A. 1. Sun position calculations 
Sun position is described using the parameters of orientation and elevation. Solar 
orientation a (also known as the azimuth) is the bearing in degrees from due south 
where east is positive and west is negative. Solar elevation p is the angle made 
between the sun position and the horizontal. 
For each date and time stamp of the five minute recording intervals, the position of 
the sun was calculated. The positions were saved into a separate data file and 
could be recalled for use in the later data analysis. In particular the sun position 
calculations were used in the data plausibility checks of Chapter 4 and the shading 
analysis technique in Chapter 7. 
The method of calculating the sun positions was based on a review of previous 
studies by Gottschalg (Gottschalg, 2005). This explored different sun position 
models and presented a simple method to undertake the calculations. It is 
assumed that the position of the Earth is fixed and the sun orbits the Earth on an 
ecliptic plane (Figure A-1). The equatorial plane is defined as the plane which 
passes through the equator of the Earth. The Sun crosses the equatorial plane at 
the summer and autumn equinoxes. The summer and winter solstice occur then 
the Sun is furthest from the equatorial plane. The angle made between a line 
drawn from the centre of the Sun to the centre of the Earth and the equatorial 
plane is defined as the solar declination 6. 
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Ecliptic plane 




Figure A-1: The Sun - Earth system assuming the position of the Earth is fixed. 
The position of the sun is calculated using the following equations: 
1. Calculation of solar time using the equation: 
The value of time used to calculate the sun differs from the local clock time due to 
the position of the point of interest on Earth and variations in the Earth's orbit of the 
sun. Time specific to the sun is defined as solar time and is calculated as: 
Solar time = Standard time +E+ 4(Lst - 1-10c) 
where Lst is the standard meridian for the local time zone (°), Lioc is the longitude of 
the location (°) and E is the equation of time. The equation of time E varies 
throughout the year with a maximum value of ±7 minutes. Its value is calculated 
as: 
E=9.87sin(2B) - 7.53cosB -1.5sinB 
where E is the equation of time (minutes) and B is calculated as: 
B 
360(DoY - 81) 
364 
-160- 
where DoY is the day of year. DoY value varies between 1 and 365 (366 on a leap 
year). 
2. Calculation of the solar declination ö: 
Solar declination is defined as the angle between a line drawn between the centres 





where ö is the solar declination (°). 
3. Calculation of the hour angle w: 
The hour angle is calculated using the solar time value. It represents the angle 
between the orientation of the sun at noon and its apparent orientation at the time 
in question. Each hour of solar time accounts for 15° of hour angle and in 24 hours 
3600 is described. The hour angle is calculated as: 
w= (12 - solar_time) * 15° 
where w is the hour angle (°). 
4. Calculation of solar elevation ß: 
From the calculated values of solar declination and hour angle, and the latitude of 
the location, the solar elevation is calculated as: 
sing =sin ösinO+cosScosq5cosw 
where ß is the solar elevation (°) and D is the latitude of the location (°). 
5. Calculation of solar orientation a: 
The solar orientation is calculated using the solar elevation, solar declination and 
the latitude of the location by the following equation: 
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sin ß sin ¢- sin S cosa 
cosßcosO 
where a is the solar orientation (°). 
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Appendix B. Data Quality and Plausibility 
B. I. Date and time stamp checks 
B. 1.1 Corncroft 
The Corncroft date and time stamp check was discussed in Section 4.1.2. 
B. 1.2 Heron Close 
The Heron Close data was recorded using six SBC+ units each with a clock. It was 
possible to view the clocks and all were recording on BST. At house 12 the data 
was recorded for a period where the clock altered to GMT, shown by plotting the 
horizontal irradiance data (Figure B-1). The GMT recording occurred between 10th 
Oct 2004 at 00: 00 and 2nd Feb 2005 at 11: 00. All the data at Heron Close was 
converted to GMT except for the data recorded by the SBC+ in house 12 during 










Horizontal irradiance (W/m`) 
0 200 400 600 800 1000 1200 
Figure B-1: Horizontal irradiance at Heron Close plotted on date and time axes. White space 
represents zero or missing data values. 
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B. 1.3 Panmure Street 
The Panmure street data was recorded by three SBC+ units with their clocks set to 
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Figure B-2: Horizontal irradiance at Panmure Street plotted on date and time axes. White 
space represents zero or missing data values. 
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B. 1.4 Newbiggin Hall 
Data at Newbiggin Hall was recorded on a single PC clock. The data was recorded 
in a combination of GMT and BST, possibly due to the PC clock altering itself. BST 
recording was 1st August 2004 to 31st October 2005 and 14th May 2005 to 315' July 
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Figure B-3: Horizontal irradiance at Newbiggin Hall plotted on date and time axes. White 
space represents zero or missing data values. 
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B. 2. Data screening 
B. 2.1 Corncroft 
A plot of the meteorological parameters at Corncroft versus date and time showed 
no error values (Figure B-4). There were no high, improbable values or no negative 
values in the irradiance data. The sustained constant zeros that occurred in the 
irradiance data in Dec 2003 and Jan 2004 represented only the night time values. 
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Figure B-4: Corncroft meteorological data plotted on date and time axes 
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B. 2.2 Heron Close 
A plot of the meteorological parameters at Heron Close shows that there were 
some sections of sustained zero values in the ambient air and second set of PV 
module temperature measurements (Figure B-5). These occurred in July and 
October 2004 in the ambient air data and in April and July 2004 in the second set 
of PV temperature data. The measurements were considered to be errors and the 
values were converted to missing data. There were also some periods of sustained 
zero measurements in the second set of irradiance data (in March, April and July 
2004 and April 2005). This represented missing data where the night time values 
had been replaced with zeros. 
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Figure B-5: Heron Close meteorological data plotted on date and time axes 
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B. 2.3 Panmure Street 
Plots of the Panmure Street meteorological data shows no sign of outliers or other 
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Figure B-6: Panmure Street meteorological data plotted on date and time axes 
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B. 2.4 Newbiggin Hall 
The Newbiggin Hall meteorological data shows a number of unexpected zero 
values in the ambient air temperature parameter (Figure B-7). These zero values 
occur sporadically after March 2005 (circled in red in the figure) and are removed 
as error values. The PV temperature 3 data showed unexpected readings and the 
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Figure B-7: Newbiggin Hall meteorological data plotted on date and time axes 
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B. 3. Missing Data 
B. 3.1 Corncroft 
The Corncroft missing data was discussed in Section 4.1.5. 
B. 3.2 Heron Close 
The plot of the daily percentage missing data at Heron Close (Figure B-8) shows 
number of issues: 
9 There was substantial missing data in Systems 18,20 to 23 and 27 to 29 - 
caused by communications failure in the monitoring system 
" There were many missing data periods of short duration in Systems 4 to 7 
and in the second set. of meteorological measurements. These parameters 
were recorded by the same SBC+ unit. The total percentage of missing data 
in these datasets was a maximum of 3.5 % and it was considered that they 
could still be used in analysis. 
" There were other, smaller periods of missing data spread throughout the 
data 
As a result, data from Systems 18,20,21,22,23,27,28 and 29 was excluded 
from further analysis, both at the five minute and annual level, due to the significant 
proportion of missing data in the datasets. 
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Figure B-8: Daily percentage of missing data at Heron Close. The percentage of missing data 
on each day is indicated by the colour scale in the legend. White space indicates that no 
missing data was present. 
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B. 3.3 Panmure Street 
Panmure Street showed only one significant example of missing data, in the AC 
power measurements of System 6 in late 2004 (Figure B-9). This was caused by a 
failure of the inverter which caused the system to stop generating. In this case the 
missing data was replaced by zeros. 
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Figure B-9: Daily percentage of missing data at Panmure Street. The percentage of missing 
data on each day is indicated by the colour scale in the legend. White space indicates that 
no missing data was present. 
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B. 3.4 Newbiggin Hall 
Data at Newbiggin Hall was recorded by a single PC and, if the PC failed, then 
data was not recorded for all the parameters. The effect can be seen in periods of 
missing data which extend through all parameters (Figure B-10). There was also 
extensive low levels of missing data in the DC and AC datasets due to the removal 
of error values (described in Section 4.1.5). The total percentage of missing data 
was around 6.0 % for irradiance parameters, 10.3 % for temperature parameters 
and from 2 to 5% for all DC and AC parameters. The low amount of missing data 
in the non-temperature parameters made the data suitable for further analysis. 
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Figure B-10: Daily percentage of missing data at Newbiggin Hall. The percentage of missing 
data on each day is indicated by the colour scale in the legend. White space indicates that 
no missing data was present. 
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B. 4. Plausibility checks 
B. 4.1 Solar radiation 
At Panmure Street both the horizontal and in-plane irradiance sensors were 
shaded during part of the year by three nearby multi-storey blocks of flats. 
Comparison of the horizontal irradiance measurements and the in-plane 
measurements did not reveal this shading as both sensors were shaded at the 
same time. The sensor shading is illustrated by plotting the horizontal irradiance 
against time of day on a month by month basis (Figure B-11). The effect is clearly 
seen between September 2004 and mid April 2005 (shown in the figure by the red 
circles). It was expected that during these months there would be at least some 
bright days and the maximum irradiances seen in the morning would follow a 
smooth bell shape (as shown in the June 2004 to August 2004 plots). Because of 
the shading, this is not the case and the shaded irradiance measurements were 
converted to missing data for the five minutely analysis. The PV arrays were also 
shaded. The data is still used in the annual performance analysis (Section 5.1) as it 
was considered the shading would have an approximately equal effect on the 
annual totals of the irradiance, DC power and AC power. 
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B. 4.2 Temperature 
The rise in PV module temperature above ambient, plotted against in-plane 
irradiance, for Panmure Street and the first two sets Newbiggin Hall (Figure B-12) 
showed a similar pattern to the example in Section 4.3.5. The rise at irradiance of 
1000 W/m2 is around 20°C to 40°C, which is as expected. The third set of 
measurements at Newbiggin Hall did not behave as expected, with no discernable 
rise with irradiance, and this data was considered unreliable. 
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Figure B-12: PV module temperature rise above ambient vs. In-plane irradiance at Panmure 




Appendix C. - Annual results and Five Minutely Analysis 
C. 1. Annual results 
C. 1.1 Corncroft Year 1 
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C. 1.2 Corncroft Year 2 
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C. 1.3 Heron Close 
Table C-3: Annual monitoring results at Heron Close 
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C. 1.4 Panmure Street 
Table C-4: Annual monitoring results at Panmure Street 
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C. 1.5 Newbiggin Hall 
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C. 2. In-plane irradiance vs. system efficiency plots 
C. 2.1 Corncroft 
The in-plane irradiance to system efficiency relationships for the five minute data at 
Corncroft display the anticipated skewed boomerang-shaped cloud of points 
(Figure C-1). Systems 0,1,10 to 12 and 15 to 21 had few efficiency values falling 
below the cloud of points which indicates that few faults occurred. System 2 to 9 
and 13 had a larger proportion of low efficiency values (i. e. values below the main 
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Figure C-1: Five minute values of In-plane irradiance vs. system efficiency at Comcroft 
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C. 2.2 Heron Close 
The five minute irradiance versus system efficiency plots for Heron Close show 
many values below the main cloud of points (Figure C-2). Systems 6 and 7 
contained a higher proportion of low efficiencies suggesting these systems suffered 
from many faults. In systems 6,7 and 12 a decrease in the maximum efficiency at 
high irradiance was noticeable and was caused by inverter power derating (see 
Section 6.2.1). At this level of irradiance the PV arrays generated power that was 
above the power rating of the inverters. The inverters could not convert all the 
generated power and the efficiency of the system was reduced. 
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C. 2.3 Panmure Street 
The relationship of irradiance to system efficiency at Panmure Street was based on 
the five minute data which was not affected by the winter shading described in 
Appendix B. 4.1 (Figure C-3). In particular system 4 produced many values below 
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Figure C-3: Five minute values of In-plane irradiance vs. system efficiency at Panmure Street 
-186- 
C. 2.4 Newbiggin Hall 
The Newbiggin Hall irradiance to efficiency relationships did not follow the 
expected pattern (Figure C-4). For the reasons discussed in Section 5.2.1 this data 
was excluded from the five minute analysis. 
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C. 3. Efficiency frequency distribution curves 
C. 3.1 Corncroft 
The frequency distributions of system efficiency within the variable irradiance bins 
at Corncroft, taking CC 21 as an example, shows they have roughly Gaussian 
distribution (Figure C-5). The spread of values within each bin was similar for all 
levels of irradiance. 
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Figure C-5: System efficiency distribution curves for each irradiance bin at CC 21 
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C. 3.2 Heron Close 
The frequency distributions of system efficiency within the variable irradiance bins 
for all the bins at HC 4 showed Gaussian shaped distributions (Figure C-6). 
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Figure C-6: System efficiency distribution curves for each irradiance bin at HC 4 
-190- 
C. 3.3 Panmure Street 
The frequency distributions of system efficiency within the variable irradiance bins 
at Panmure Street, taking PS 0 as an example, also demonstrated the suitability of 
using the Gaussian distribution to model the distributions (Figure C-7). 
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Figure C-7: System efficiency distribution curves for each irradiance bin at PS 0 
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C. 4. Gaussian distribution fits 
C. 4.1 Corncroft 
Gaussian distributions were fitted to the system efficiency frequency distributions 
within irradiance bins to describe the normal operation of the PV systems. At 
Corncroft, taking six irradiance bins of CC 21 as an example, Gaussian 
distributions were fitted and compare well with the efficiency distributions (Figure 
C-8). Similar plots were seen for the other irradiance bins and the other systems at 
Corncroft. 
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Figure C-8: Gaussian distribution fits to system efficiency frequency distributions of six 
irradiance bins at CC 21 
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C. 4.2 Heron Close 
To demonstrate the Gaussian distribution fits at Heron Close, six irradiance bins at 
HC 4 are shown (Figure C-9). Similar plots can be seen for the other irradiance 
bins and other systems on the site. 
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Figure C-9: Gaussian distribution fits to system efficiency frequency distributions of six 
irradiance bins at HC 4 
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C. 4.3 Panmure Street 
The Gaussian distributions could also be used to describe the efficiency values in 
each irradiance bin at Panmure Street, as shown for six example irradiance bins at 
System 0 (Figure C-10). Similar plots can be seen for the other irradiance bins and 
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C. 5. System efficiency curves 
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Figure C-11: System efficiency curves at Corncroft in the second year of operation 
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Figure C-12: System efficiency curves at Corncroft in the second year of operation 
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C. 6. Fault efficiency curves 
C. 6.1 Corncroft 
The dividing line which separates the normal operation and faults at Corncroft is 
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C. 6.2 Heron Close 
The dividing line which separates the normal operation and faults at Heron Close is 
shown in Figure C-16. The inverter derating in systems 7 and 12 caused 
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C. 6.3 Panmure Street 
The dividing line which separates the normal operation and faults at Panmure is 
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Appendix D. Normal Operation Analysis 
D. l. Inverter power derating 
D. 1.1 Corncroft 
The Corncroft PV systems were not affected by inverter derating as the inverters 
were oversized. 
D. 1.2 Heron Close 
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Figure D-1: Irradiance to system efficiency relationships at Heron Close. The effect of 
inverter power derating is shown by the red line. 
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D. 2. Inverter efficiency curves 
D. 2.1 Corncroft Year 1 





4: II1I( a: a ; a: a ýma 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 
AC power output I AC power output ! ACpo wet output I AC power out ut inverter rata g Inverter rating inverter rabhg I onsr rauPg 
CC4 CC5 CC6 CC7 
1.0 1.0 
8: 8 8: 6 : 1 0.4 zr, 0.4 C .410.4 
8: a a. a (, 
ý: a a: a0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 
ACpo wer output ! ACpower output / AC wer outýut 1 AC power ouIput ! Invertar rating Inverter rat hg Inarter rating Inverter ratihp 
L' CC8 P' CC 9 CC 10 CC 11 
1. o m 1.0 gug: 3 m 0.4 °i 0.4 0.4 m6 
0.0 0.5 1.0 0.0 0.5 1.0 c 0.0 0.5 1.0 c 0.0 0.5 1.0 
ACS power output I ACS ýower outýut I A? 
new 
coer output I ACS power output 
n i verter rating n erter rating nter tali gn enter ra ig 
t CC12 CC13 CC14 CC15 
A 1. 3.08 
CD o. s 0 o. s m o. s 
1IIr r_ 1 
_'c 
0.0 0.5 1.0 c 0.0 0.5 1.0 c 0.0 0.5 1.0 0.0 0.5 1.0 
ACS ýower outgut l Aý ? ower output I ACS power output 1 ACS power output 
n artet rating n erter rat gn erter tali gn artet rating 
cc 16 CC17 CC'18 CC19 
1.0 °; 1" "52 1.0 0 1.0 
X8: iI1 d8: 
ý X8: 8 m .8 4 .4e: a m 8: 8 g .a 0.0 0.5 1.0 c 0.0 0.5 1.0 0.0 0.5 1.0 c 0.0 0.5 1.0 ACpower out gut 1 AC po wer output 1 ACpower outýut 1 AC power output / 




0.0 0.5 1.0 
AC power output / 
inverter rabng 
t' CC 21 
11r 
0.0 0.5 1.0 
AC power output / inVerter rating 
Figure D-3: Inverter efficiency curves for the Corncroft systems in the first year of operation 
-204- 
D. 2.2 Corncroft Year 2 
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D. 3. Array efficiency curves 
D. 3.1 Corncroft Year 1 
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Figure D-7: System and array efficiency curves for Corncroft in the first year of operation 
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Figure D-8: System and array efficiency curves for Corncroft in the second year of operation 
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Figure D-9: System and array efficiency curves for Heron Close 
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D. 4. Temperature correction 
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Figure D-11: Irradiance to temperature corrected array efficiency at Corncroft in first year of 
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year of operation 
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Figure D-13: Irradiance to temperature corrected array efficiency at Heron Close 
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Figure D-14: Irradiance to temperature corrected array efficiency at Panmure Street 
-215- 
D. 5. Determining temperature coefficients 
This section describes an exploratory method to determine the temperature 
coefficients of the PV modules based on the recorded data. The array efficiency at 
normal operation was used to analyse the effect of temperature. The array 
efficiency, the ratio of DC energy output to in-plane irradiation, excluded the 
inverter conversion losses but was influenced by the other operational losses. A 
technique was developed which removed the influence of the other losses and 
calculated the temperature coefficients. The technique also calculates the 
temperature coefficients for irradiances other than STC. The technique is 
demonstrated for HC 4; the PV system at Heron Close for which the actual PV 
module temperature sensor was located. 
The array efficiency values were split into the variable irradiance bins and the 
relationship of array efficiency to PV module temperature in each bin was studied. 
A plot for the 449 to 463 W/m2 irradiance bin revealed the temperature to array 
efficiency relationship (Figure D-15). The data points indicated that the array 
efficiency decreased as the module temperature increased. A perfect linear 
relationship was not seen due to the other operational losses, which could have 
different magnitudes at different times, and due to any effects of measurement 
uncertainty. For example, in the case of inverter MPP tracking loss, when inverter 
MPP loss was at a minimum this would result in an efficiency value close to the top 
of the cloud of points. A high MPP tracking loss would result in a value close to the 
bottom of the cloud. To exclude this and other losses in the temperature coefficient 
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Figure D-15: Module temperature to array efficiency of normal operation at HC 4 in the 449 to 
463 W/m2 irradiance bin 
A straight line was fitted using a least squares fit to the efficiency values in each 
bin and the values below the fitted line were excluded. A second straight line was 
fitted to the remaining efficiency values above the first line. This line was used to 
represent the temperature to efficiency relationship of the top of the cloud of points. 
The gradient of the second fitted line and its value at 25°C were used to calculate 
the temperature coefficients of power with the following equation: 
a, =`4x100 B 
where at is the temperature coefficient of power (%/K); A is the gradient of the 
second fitted line; and B is the value of the second fitted line at a temperature of 
25°C 
The temperature coefficient for the 449 to 463 W/m2 irradiance bin of HC 4 was 
calculated as -0.70%/K. This process was repeated for all the irradiance bins of HC 
4 and the relationship of irradiance to temperature coefficient was established 
(Figure D-16). A straight line was fitted using a least squares method to the 
calculated temperature coefficients based on irradiances above 300 W/m2. For 
simplicity the low irradiance values were ignored. The equation of this fitted line 
described the variation of the temperature coefficients with irradiance at HC 4 as: 
a, _ -0.78 + 0.29 x H, 
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Figure D-16: In-plane irradiance to temperature coefficient relationship for HC 4 
Based on this relationship, the temperature coefficient at the STC irradiance of 
1000 W/m2 was calculated as -0.49%/°C. This compares well with the 
manufacturer's STC value of -0.473%/°C (Astropower, 2004); a satisfying result. 
The temperature coefficient appeared to decrease with decreasing irradiance 
(Figure D-16). No reference was found in the literature to either confirm or refute 
this result. For this reason this analysis has been presented as an experimental 
study of possible techniques to determine the temperature coefficients from 
monitored data and to investigate the variation of the temperature coefficients with 
irradiance. In the normal operation analysis of Chapter 6 it was decided to use 
constant temperature coefficients, based on the manufacturer's specifications, for 
the temperature correction process. 
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D. 6. Assessment of inverter MPP tracking loss on clear and 
cloudy days 
D. 6.1 Identification of clear and cloudy days 
An example of a clear day and a cloudy day were identified at Corncroft as 30 May 
2003 and 26 May 2003 (Figure D-17) and at Panmure Street as 31 August 2004 
and 27 August 2004 (Figure D-18). A clear day and a cloudy day at Heron Close 
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Figure D-18: Time of day against in-plane irradiance for Panmure Street on a clear day and a 
cloudy day 
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D. 6.2 Corncroft 
Irradiance to efficiency plots for a clear day and a cloudy day at Corncroft show 
more efficiency variation occurs on the cloudy day (Figure D-19). At CCO there 
appears to be inverter fault during the clear day and at CC2 the PV system was not 
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Figure D-19: Irradiance to temperature corrected array efficiency for 30 May 2003 and 26 May 
2003 at Corncroft 
- 220 - 
D. 6.3 Heron Close 
Irradiance to efficiency plots for a clear day and a cloudy day at Heron Close show 
more efficiency variation occurs on the cloudy day (Figure D-20). Here it appears 
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Figure D-20: Irradiance to temperature corrected array efficiency for 14 June 2004 and 10 
June 2004 at Heron Close 
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D. 6.4 Panmure Street 
Irradiance to efficiency plots for a clear day and a cloudy day at Panmure Street 
show more efficiency variation occurs on the cloudy day (Figure D-21). At this site, 
PS 6 did not generate on either day. 
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D. 7. No MPPT curves 
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D. 7.2 Corncroft Year 2 
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Figure D-23: No MPPT curves and temperature corrected array efficiency curves at Corncroft 
in the second year of operation 
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Figure D-24: No MPPT curves and temperature corrected array efficiency curves at Heron 
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D. 8. Efficiency curves 
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D. 8.2 Corncroft Year 2 
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Figure D-27: Efficiency curves at Corncroft in the second year of operation 
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D. 8.3 Heron Close 
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Figure D-28: Efficiency curves at Heron Close 
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D. 9. Reduction in annual performance ratios 
D. 9.1 Corncroft Year I 
Table D-1: Annual performance ratio and losses in normal operation at Corncroft in the first 
year of operation 
System Mismatch Irradiance Inverter Temperature DC Inverter DC Annual 
and effect MPP loss wiring to AC perfor- 
deviation tracking loss conversion mance ratio 
from STC loss loss of normal 
loss operation 
loss In annual performance ratio (in p erformance ratio %) (%) 
0. 42 -2.5 12.2 2.0 0.1 8.4 75.6 
1X 4.5 -5.4 12.6 1.9 0.1 82 78.1 
2 72 -0.3 10.7 1.9 0.1 8.6 71.8 
3 5.0 -2.6 13.0 2.1 0.1 8.3 74.1 
4 2.5 -4.2 12.4 2.2 0.1 8.1 79.0 
5 3.6 -4.1 13.7 2.2 0.1 82 76.3 
6 3.0 -5.4 12.4 2.0 0.1 8.1 79.8 
7 4.3 -6.1 14.6 2.5 0.1 8.1 76.5 
8 5.0 -0.5 11.8 1.6 0.1 8.4 73.5 
9 3.7 -3.7 12.5 2.0 0.1 7.5 77.9 
10 3.5 -5.1 12.4 2.0 0.1 82 78.9 

















14 3.1 -3.9 13.4 1.9 0.1 7.5 1 77.9 
15 1.8 -4.5 13.1 1.8 0.1 82 79.5 
16 32 -4.7 13.0 1.9 0.1 82 782 
17 3.0 -4.7 12.2 1.9 0.1 82 792 
18 1.3 -4.7 12.2 2.0 0.1 8.1 80.9 
19 4.6 -5.0 12.1 1.8 0.1 82 782 
20 3.6 -5.3 12.3 1.8 0.1 82 79.3 
21 4.6 =1.1 11.5 1.0 u. 1 0.4 10.1 
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D. 9.2 Corncroft Year 2 
Table D-2: Annual performance ratio and losses in normal operation at Corncroft In the 
second year of operation 
System Mismatch Irradiance Inverter Temperature DC Inverter DC Annual 
and effect MPP loss wiring to AC perfor. 
deviation tracking loss conversion mance ratio 
from STC loss loss of normal 
loss operation 
loss in annual performance ratio ( in performance ratio %) (%) 
0 4.1 -1.3 11.5 1.7 0.1 8.0 75.8 
1 52 -4.8 12.0 2.2 0.1 7.9 77.5 
2 172 1.7 9.6 -0.5 0.1 8.4 73.5 
ca _IQ 197 91 n1 Al 
. 7! 0 
4 6.0 -5.6 11.4 2.0 0.1 7.9 78.3 
5 5.5 -5.7 14.0 2.7 0.1 7.9 75.4 
6 5.7 -6.7 12.0 2.3 0.1 7.8 78.8 
7 72 -8.1 14.6 2.5 0.1 7.9 75.8 
8 6.8 -1.8 11.7 1.4 " 0.1 82 73.7 
9 5.9 -5. U 1 Z. 3 L. 1 U. 1 12 ; 772 
10 4.4 -4.8 11.8 2.2 0.1 7.9 783 
11 3.9 -6.4 11.5 2.2 0.1 7.9 80.8 
12 4.1 -2.9 12.9 2.4 0.1 8.1 75.3 
13 5.8 -5.4 12.3 2.2 0.1 7.9 77.1 
14 5.8 -5.1 12.5 2.3 0.1 7.3 77.1 
15 5.1 -6.4 12.4 2.3 0.1 7.9 78.7 
16 52 -5.2 12.6 2.3 0.1 8.0 77.0 
17 4.5 -4.9 11.4 2.1 0.1 7.7 79.1 
18 2.7 -4.8 12.0 2.1 0.1 7.9 80.0 
19 6.7 -5.5 11.9 2.1 0.1 8.0 76.7 
20 4.6 -4.6 11.8 2.1 0.1 7.9 782 
21 6.3 -2.6 11.2 2.1 0.1 82 74.7 
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D. 9.3 Heron Close 
Table D-3: Annual performance ratio and losses In normal operation at Heron Close 
System Mismatch Irradiance Inverter Temperature DC Inverter DC Annual 
and effect MPP loss wiring to AC perfor. 
deviation tracking loss conversion mance ratio 
from STC loss loss of normal 
loss operation 
loss in annual performance ratio (in performance ratio %) (%o) 
4 18.1 5.8 5.6 2.0 0.1 6.7 61.7 
5 9.9 6.2 1.8 0.1 7.0 64.4 
6 8.5 9.0 6.3 2.3 0.1 7.3 66.5 
D. 9.4 Panmure Street 
Table D-4: Annual performance ratio and losses in normal operation at Panmure Street 
System Mismatch Irradiance Inverter Temperature DC Inverter DC Annual 
and effect MPP loss wiring to AC perfor. 
deviation tracking loss conversion mance ratio 
from STC loss loss of normal 
loss operation 
loss in annual performance ratio (in p erformance ratio %) (%) 
0 16.1 5.0 7.7 -0.3 0.1 7.1 64.3 
1 14.3 5.5 7.0 -0.1 0.1 7.3 65.8 
2 11.0 5.9 9.5 -0.3 0.2 7.3 66.4 
3 1 16.8 5.7 7.3 -0.2 0.1 7.0 63.3 

















7 15.7 112 6.8 0.4 0.1 6.6 592 
8 11.4 6.8 9.0 -0.4 0.1 7.3 65.8 
9- --- -15.2 5.8 62 -0.3 0.1 7.4 65.5 
10 i 11.7 8.1 10.0 0.2 0.1 7.1 62.8 
11 -J+-1 13.3 3.9 8.6 -0.6 0.1 7.4 67.1 
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D. 10. Investigation of DC power measurements at Corncroft 
As discussed in Section 6.3.4, the DC power measurements at Corncroft were 
thought to be inaccurate because of the negative irradiance loss that was 
calculated in the annual performance ratio losses. The main cause of the negative 
irradiance losses was the high temperature corrected array efficiencies seen at 
Corncroft. These efficiency values are calculated directly from the DC power 
measurements. 
The DC power measurements at Corncroft were shown to have a step change in 
readings at low irradiance (Section 4.2.3). At irradiances below 50 W/m2 the DC 
power was recorded at discrete intervals up to a maximum of 100 W (Figure D-30). 
Further inspection of this error shows that the DC values at Corncroft above 100 W 
are similar to the DC values seen at Heron Close above 0 W. One explanation of 
this finding is that all of the DC power measurements are recorded at 100 W above 
their true value and it is this increase in the DC power measurements which 
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Figure D-30: DC power measurements at low irradiance levels for a Corncroft and Heron 
Close PV system. 
The possibility of the over-measurement of DC power is investigated by 
considering the effects on the results if the DC power measurements are corrected 
by lowered all the measurements by 100W. Any negative values that result through 
this correction are converted to missing data values. The corrected DC power 
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measurements at low irradiance compare well to the Heron Close DC 
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Figure D-31: Corrected DC power measurements at low irradiance levels for a Comcroft and 
Heron Close PV system. 
However, lowering the DC power measurements at Corncroft by 100 W meant that 
the DC power measurements no longer correspond well with the AC power 
measurements. The inverter efficiency curve for CC 21 with corrected DC power 
shows that the majority of the AC power readings are recorded as higher than the 
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Figure D-32: Corrected inverter efficiency curve at CC 21. 
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This suggested that if the DC power was corrected by lowering the measurements 
by 100 W then the AC power also had to be corrected. However it is not clear 
whether the AC values should be lowered by the same amount as the DC values 
(100 W) or a different value. A comparison between the Corncroft and Heron Close 
AC power measurements at low irradiance shows that there is no step change in 
the AC power measurements at the Corncroft site (Figure D-33). If all the AC 
power measurements at Corncroft were lowered by 100 W then this would result in 
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Figure D-33: Comparison of AC power measurements at low irradiance for a Comcroft and 
Heron Close PV system 
This exploratory analysis illustrates the difficulties in investigating measurement 
errors from the recorded five minutely data and highlights the need for accuracy in 
the measurements. This leads to the suggestion that an on-site check and 
calibration of the DC and AC power measurements at the Comcroft site is required. 
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Appendix E. Fault Analysis 
E. 1. Fault detection 















b. ý alai rý nr. wiunce ik W Th 
r 
ý__ "o;. ", 
,. 













, ýýý ý ,,. lip ý"I. ýr . - rr. ý"Iýiii" ý "FW m'1 
ýý'ý` 
IV 
ii. ýýi. ýý, _. r.,. Iý. ýýý. o. YW mi 
CC 14 
ao t5 




















00 05 10 
CC 20 
m `w. 
JA Ji 14 















Figure E-1: Detection of faults at Corncroft in first year of operation. Faults are shown by 
black points and the fault efficiency curve in red. 
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E. 1.2 Corncroft Year 2 
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Figure E-2: Detection of faults at Corncroft in second year of operation. Faults are shown by 
black points and the fault efficiency curve in red. 
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Figure E-3: Detection of faults at Heron Close. Faults are shown by black points and the fault 
efficiency curve in red. 
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E. 2. Zero efficiency faults 
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Figure E-4: System failure plotted on time and date axes at Corncroft for the first year of 
operation. Sunrise and sunset times are shown by black lines. 
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Figure E-5: System failure plotted on time and date axes at Corncroft for the second year of 
operation. Sunrise and sunset times are shown by black lines. 
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Figure E-6: System failure plotted on time and date axes at Heron Close. Sunrise and sunset 
times are shown by black lines. 
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E. 2.4 Simultaneous faults 
Zero efficiency faults at Corncroft on 1st June 2002 occurred simultaneously in 
several systems (Figure E-7). Continuous zero efficiency faults, which lasted 
between 2 and 12 hours, occurred at CC 0,3,5,8,11 and 15. These faults started 
and ended at different times. There were also sporadic zero efficiency faults at CC 
9,14,18,19, and 21. This suggested that these faults were caused by abnormal 
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Figure E-7: Zero efficiency faults at Comcroft on 1`t June 2002 
Many brief zero efficiency faults also occurred at Heron Close and there were 
occasions of simultaneous faults in the systems. As an example, in a two day 
period beginning 1st July 2004, HC 5 had sustained zero efficiency faults 
throughout the daytime due to its faulty inverter (Figure E-8). HC 7 had the most 
brief zero efficiency faults and HC 6 had faults which occurred at the same time as 
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some of the HC 7 Faults. HC 12 also had two faults which occurred at times similar 
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Figure E-8: Zero efficiency faults at Heron Close on 1`t and 2 "d July 2004 
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E. 3. Sun position of faults 
E. 3.1 Exclusion of high solar incidence angle fault values 
It was observed in the datasets that in each PV system there were a large number 
of faults at the beginning and end of each day. These faults occurred in systems 
whose arrays were known to be free of shade and therefore could not be attributed 
to shading. However if these faults were included in the shading analysis then their 
high concentration about particular sun positions would mean that they would be 
falsely identified as shading. 
At Corncroft many faults occurred at the beginning of each day and at Heron Close 
many faults occurred at the end of each day. Sun position fault plots of CC 21 and 
HC 4 provide examples of these faults (Figure E-9 and Figure E-1 0). Site visits had 
showed that CC 21 and HC 4 should be free of shading effects. The main 
difference between the two systems was their orientation and this suggested that 
the early morning or late evening faults could be caused by the solar incidence 
angle. Solar incidence angle is defined as the angle between a line drawn from the 
PV array to the sun and a line normal to the PV array. It was concluded that at high 
solar incidence angles many faults were observed. These faults could be caused 
the solar radiation reflecting off the glass cover of the PV array (and lowering the 
efficiency) or inverter MPP tracking failure at low solar irradiances. 
To continue with the shading analysis the high solar incidence angle faults needed 
to be ignored. Through inspection of the datasets, it was decided that faults with 
solar incidence angles greater than 80° would be ignored in the shading fault 
analysis. 
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Figure E-9: Sun position of faults at CC 21 with levels of solar incidence angle shown in red 
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Figure E-10: Sun position of faults at HC 4 with levels of solar incidence angle shown in red 
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E. 3.2 Corncroft Year 1 
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E. 3.3 Corncroft Year 2 
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E. 3.4 Heron Close 
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E. 4. Fault concentrations 
E. 4.1 Corncroft Year 1 
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Figure E-14: Sun when faults detected at Corncroft in the first year of operation. The fault 
concentration of each fault is shown in colour. 
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E. 4.2 Corncroft Year 2 
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Figure E-15: Sun position when faults detected at Corncroft in the second year of operation. 
The fault concentration of each fault is shown in colour. 
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Figure E-16: Sun when faults detected at Heron Close. The fault concentration of each fault 
is shown in colour. 
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E. 4.4 Shading analysis per six month period 
Extending the shading analysis to investigate six month periods (from the winter 
solstice to the summer solstice and vice versa) provided a method of assessing 
whether high fault concentrations repeated in a six monthly cycle. High fault 
concentrations at similar sun positions in consecutive six month periods would 
suggest shading. If there was no such repetition it would suggest the faults were 
due to causes other than shading. Of the four example systems discussed in 
Section 7.2.3, CC 5 and HC 7 had many high fault concentration values. At CC 5 
the area of high fault concentration was broadly similar for each six month period 
throughout the two year monitoring period from June 2002 to May 2004 (Figure 
E-17). As the pattern of fault concentration repeated in each six month period, this 
indicated that the faults were caused by shading. 
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Figure E-17: Sun position when faults were detected in each six month period for CC 5 
during the first two years of operation. The fault concentration is shown in colour. 
The area of high concentration values was greatest in the autumn months (June 
2002 to December 2002 and June 2003 to December 2003). In the spring months 
this area was reduced in size and the shading effect was less. A site visit had 
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determined that the PV array of CC 5 was shaded by a deciduous tree. The leaves 
of deciduous trees start growing in spring and become larger as the year 
progresses before dropping in late autumn. Therefore the tree presented a larger 
shading object in autumn than in spring and this accounts for the difference in the 
amount of high fault concentration values in the spring and autumn months. 
High fault concentration values were observed at HC 7 in the first year of operation 
from February 2004 to January 2005. Analysis of the fault concentration values for 
each six month period shows that many areas of high fault concentrations did not 
repeat (Figure E-18). In June to December 2004 there was a large number of high 
fault concentrations in the sun position region -50° <a 25° and 25° <p< 600. 
However, in the preceding six month period from February 2004 to June 2004, 
there were fewer faults in this region of sun position and loverall ower fault 
concentration levels. It was therefore concluded that the high concentration values 
were not caused by shading but instead due to the large numbers of non-shading 
faults that occurred in the June to December 2004 monitoring period. 
There was a repeated area of high fault concentration at HC 7 in winter mornings 
around sun position 25° <a 70° and ß< 15°. High fault concentrations were 
observed in this sun position region throughout the year which suggested these 
were caused by shading. The PV arrays of HC 4,5, and 6 were positioned on the 
same building at the PV array of HC 7 and similar results were found for these 
systems. At HC 12 there was an indication of shading at sun positions 0< 300. 
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Figure E-18: Sun position when faults were detected in each six month period for HC 7 
during the first year of operation. The fault concentration is shown in colour. 
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E. 5. Identified shading faults 
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Figure E-19: Sun position when faults detected at Corncroft in the first year of operation. 
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Figure E-20: Sun position when faults detected at Corncroft in the second year of operation. 
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Figure E-21: Sun position when faults detected at Heron Close. Identified shading is shown 
in red. 
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E. 6. Inverter MPP tracking faults 
E. 6.1 Corncroft Year 1 
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Figure E-22: Irradiance to system efficiency relationships at Corncroft in the first year of 
operation. Normal operation is shown in grey, zero efficiency faults in blue, shading faults in 
red and inverter MPP tracking faults in black. 
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E. 6.2 Corncroft Year 2 
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Figure E-23: Irradiance to system efficiency relationships at Corncroft in the second year of 
operation. Normal operation is shown in grey, zero efficiency faults in blue, shading faults in 
red and inverter MPP tracking faults in black. 
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Figure E-24: Irradiance to system efficiency relationships at Heron Close. Normal operation 
is shown in grey, zero efficiency faults in blue, shading faults in red and inverter MPP 
tracking faults in black. 
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E. 6.4 Fluctuation in solar irradiance levels 
Inverter MPP tracking failure was expected to occur during times of significant 
rapid changes in solar irradiance, as the inverter MPP tracking routines struggled 
to match the MPP voltage. This affect was studied briefly in the data and can be 
observed to a limited degree. Taking as an example the operation of system 5 at 
Corncroft for a single day, for each identified inverter MPP tracking fault the time 
and value of in-plane irradiance was calculated (Figure E-25). On this day the 
inverter MPP tracking faults occurred during times of large changes in the in-plane 
irradiance. In particular there were two large decreases in irradiance at around 
12: 00 and 14: 00 and at both times inverter MPP tracking faults were detected. This 
analysis provides some preliminary evidence that some of the inverter MPP 
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tracking fault 
00: 00 12: 00 
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Figure E-25: Time of day vs. solar in-plane irradiance for CC 5 on 15` September 2002. The 
timings of identified inverter MPP tracking faults are shown by red diamonds. 
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E. 7. Number of faults 
E. 7.1 Corncroft Year 1 
Table E-1: Percentage of daylight operation during which faults occurred at Comcroft In the 











. Inverter MPP tracking 
faults 
Total faults 











3_ýW 0.0 0.1 7.6 3.6 11.2 
4 0.0 0.0 7.1 3.6 10.7 
5 0.0 0.2 7.8 2.9 10.9 
6 0.0 0.0 4.2 4.0 8.2 
710.0 0.0 5.6 3.5 9.1 
8 0.0 1.1 8.1 4.5 13.7 
9 0.0 0.2 6.3 3.9 10.4 
10 0.0 0.0 2.3 3.2 5.5 











14 0.0 0.0 1.4 3.4 4.8 
15 0.0 0.1 0.4 2.4 2.8 
16 0.0 0.0 0.4 2.6 3.1 











20 0.0 0.0 0.6 2.0 2.5 
21 0.0 0.1 0.1 1.7 1.9 
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E. 7.2 Corncroft Year 2 
Table E-2: Percentage of daylight operation during which faults occurred at Comcroft In the 
second year of operation 








0 12.8 0.1 0.3 0.8 13.9 
1 0.0 0.0 0.3 1.0 1.3 
2 41.6 0.0 4.4 1.4 47.5 
3 0.0 0.5 7.5 1.7 9.7 
4 0.0 0.0 7.4 1.7 9.1 
5 f 0.0 0.0 9.6 1.3 10.9 
6 0.0 0.0 5.2 1.7 6.9 
7 0.0 0.0 6.2 1.4 7.5 
8 0.0 0.3 8.6 1.8 10.7 
9 0.0 0.0 6.4 1.5 7.9 
10 0.0 0.0 2.2 1.3 3.5 
110.0 0.0 2.7 1.4 4.1 
7"L ; u. u u. u V. ' I. u I. i 
13 0.0 0.5 3.6 1.6 5.7 













17 21.0 0.0 0.8 0.7 22.4 
18 ! 0.0 0.0 0.9 1.3 2.2 
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E. 7.3 Heron Close 
Table E-3: Percentage of daylight operation during which faults occurred Heron Close 




Shading Inverter MPP Total faults 
faults tracking 
faults 
010.0 0.1 0.3 5.5 6.0 
1 58.6 0.4 0.1 1.6 60.7 
2 0.0 0.9 0.6 5.5 7.0 
3 0.0 4.9 0.7 12.9 18.5 
4 0.0 0.3 1.5 5.4 7.2 
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E. 8. Reduction in annual performance ratios 
E. 8.1 Corncroft Year I 
Table E-4: Annual performance ratios and losses due to faults at Comcroft in the first year of 
operation 
System Annual Sustained Brief zero Shading loss Other faults Measured 
performance zero efficiency efficiency loss annual 
ratio of loss loss performance 
normal ratio 
operation 
loss In annual performance ratio 
N (%) 
(in performance ratio %) 
0 75.6 1 5.6 0.2 0.1 0.3 69.9 
1 78.1 0.0 0.0 0.1 0.3 79.0 
2 71.8 162 0.0 3.0 0.5 48.9 
3 74.1 0.0 0.2 3.2 0.6 70.6 
4 1 79.0 0.0 0.0 3.0 0.6 76.8 
5 76.3 0.0 0.3 3.8 0.4 72.9 
6 79.8 0.0 0.0 1.2 0.6 79.6 
7 76.5 0.0 0.0 1.5 0.5 75.4 
8 73.5 0.0 1.1 2.3 0.7 69.1 
9 77.9 0.0 0.1 2.5 0.6 75.7 
10 78.9 0.0 0.0 0.7 0.5 78.7 
11 81.5 0.0 0.2 0.6 0.4 81.7 
12 76.6 0.0 0.0 0.0 0.4 76.9 
13 78.0 0.0 0.0 1.1 0.5 77.6 





























19 782 0.0 0.0 0.0 0.3 79.0 
20 -ýi 79.3 0.0 0.0 0.1 0.3 80.5 
21 75.7 1 0.0 0.1 0.0 0.3 75.7 
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E. 8.2 Corncroft Year 2 
Table E-5: Annual performance ratios and losses due to faults at Comcroft In the second 
year of operation 
System Annual Sustained Brief zero Shading loss Other faults Measured 
performance zero efficiency efficiency loss annual 
ratio of loss loss performance 
normal ratio 
operation 
loss In annual performance ratio 
() 
! (in performance ratio %) 
() 
0 75.8 1 12.3 0.0 0.1 0.2 63.4 
1 77.5 0.0 0.0 0.1 0.2 78.3 
2 73.5 38.5 0.0 2.2 0.3 130.7 
3 72.9 0.0 0.6 3.3 0.3 69.0 
4 78.3 0.0 0.0 3.5 0.3 75.2 
5 75: 4 0.0 0.0 5.2 0.3 70.6 
6 78.8 0.0 0.0 1.4 0.3 78.5 
7 75.8 0.0 0.0 1.7 0.3 74.5 
8 73.7 0.0 0.1 2.7 0.4 69.9 
9 772 0.0 0.0 2.7 0.3 74.9 
10 78.3 0.0 0.0 0.7 0.2 78.2 
11 80.8 0.0 0.0 0.7 0.2 81.1 
12 75.3 0.0 0.0 0.0 0.2 75.7 
13 77.1 1 0.0 0.4 1.1 0.3 76.2 
14 77.1 0.0 0.1 0.4 0.3 76.9 
15 78.7 0.0 1.8 0.0 0.3 77.5 
16 77.0 X0.0 0.9 0.0 0.3 76.8 
17 79.1 20.1 0.0 0.2 0.1 11 58.1 
18 80.0 0.0 0.0 0.2 0.2 81.6 
19 76.7 0.0 1.8 0.0 0.1 79.0 
20 782 0.0 0.0 0.1 02 80.5 
21 74.7 0.0 0.0 0.0 0.1 75.7 
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E. 8.3 Heron Close 
Table E-6: Annual performance ratios and losses due to faults at Heron Close 
Syste Annual Sustained Brief zero Shading loss Other faults Measured 
m performance zero efficiency efficiency loss annual 
ratio of loss loss performance 
normal ratio 
operation 
loss in annual performance rati o 
(%) (e ) /o 
(in perform ance ratio %) 
4- -- --ý- 61.6 ------- - 0.0 0.1 mm ---- -- . -_ 0.1----- 
---_ _-1.3 60.6 
5ýýý 64.4 36.7 0.1 0.0 0.5 25.9 
6 66.5 0.0 1.1 0.2 2.8 62.9 
5 5 2 0 9 3 50 5 7 66.1 0.0 . . . . 
12 622 0.0 0.3 0.5 1.7 59.1 
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